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SUMMARY 

A new computer program is  p resen ted  f o r  c a l c u l a t i n g  t h e  quasi-s teady t r a n s o n i c  
flow p a s t  a h e l i c o p t e r  r o t o r  b l ade  i n  hover as w e l l  as i n  forward f l i g h t .  The pro- 
gram i s  based on t h e  f u l l  p o t e n t i a l  equat ions i n  a blade-at tached frame of r e f e r e n c e  
and i s  capable  of t r e a t i n g  a ve ry  gene ra l  c l a s s  of r o t o r  b l a d e  geometries.  Computed 
r e s u l t s  show good agreement w i t h  a v a i l a b l e  experimental  d a t a  f o r  both s t r a i g h t -  and 
swept- t ip  b l a d e  geometries.  

I. INTRODUCTION 

There i s  an  i n c r e a s i n g  need t o  develop advanced computat ional  t o o l s  f o r  h e l i -  
c o p t e r  r o t o r  aerodynamics r e s e a r c h .  
a r e l i a b l e  and e f f i c i e n t  computer code t o  p r e d i c t  t h e  t r a n s o n i c  flow f i e l d  over a 
h e l i c o p t e r  r o t o r  b l ade .  Several i n v e s t i g a t o r s ,  u s ing  s m a l l  d i s tu rbance  theo ry ,  have 
developed computer codes f o r  c a l c u l a t i n g  such f lows.  Among them, Caradonna and Isom 
( r e f .  1) c a l c u l a t e d  t h e  flow p a s t  a n o n l i f t i n g ,  hovering r o t o r  b l a d e .  Grant ( r e f .  2) 
considered t h e  quasi-s teady flow over a n o n l i f t i n g  r o t o r  b l ade  i n  forward f l i g h t .  
Caradonna ( r e f .  3) extended h i s  c a l c u l a t i o n  t o  t h e  unsteady flow p a s t  a n o n l i f t i n g  
r o t o r  b l a d e  i n  forward f l i g h t  w i th  simple blade geometry. F i n a l l y ,  Chat tot  ( r e f .  4 )  
extended Caradonna's unsteady,  sma l l  d i s tu rbance  code t o  a r b i t r a r y  b l ade  geometry. 

A major t h r u s t  t o  meet t h i s  need i s  t o  develop 

A r i e l i  and Tauber ( r e f .  5) were f i r s t  t o  pub l i sh  a code ROT22 based on f u l l  
p o t e n t i a l  t heo ry  f o r  t h e  quasi-steady flow over a r o t o r  b l a d e .  The i r  approach w a s  t o  
modify Jameson and Caughey's widely used fixed-wing computer code FL022 ( r e f .  6 )  t o  
t h e  case of a r o t a t i n g  b l ade .  Th i s  method so lves  t h e  f u l l  p o t e n t i a l  equat ions i n  a 
sheared p a r a b o l i c  coord ina te  system s o  t h a t  i t  i s  p o s s i b l e  t o  treat  t h e  blade geom- 
e t r y  e x a c t l y .  I n  e a r l y  comparisons wi th  ONERA d a t a ,  it w a s  found t h a t  p re s su re  d i s -  
t r i b u t i o n s  on t h e  b l a d e  w e r e  no t  wel l -predicted,  p a r t i c u l a r l y  i n  t h e  v i c i n i t y  of 
swept t i p s  ( r e f .  7 ) .  I n  t h e  p rocess  of v e r i f y i n g  a c o r r e c t i o n  t o  t h e  ROT22 code, i t  
w a s  exped ien t  t o -deve lop  a new computer code. 
(Transonic  Flow Analysis  f o r  Rotors)  and was  found t o  be a u s e f u l  t o o l  i n  i t s  own 
r i g h t .  It is  p resen ted  h e r e  as an a d d i t i o n a l  method f o r  analyzing t h e  f u l l  poten- 
t i a l ,  quas i - s t eady  flow on a r o t o r  blade of a r b i t r a r y  geometry. 

This new code w a s  denoted TFARl 

T h i s  new code (TFAR1) c o n t a i n s  several new f e a t u r e s :  (1) a new formulat ion of 
t h e  problem, (2)  t h e  c a p a b i l i t y  of t r e a t i n g  cranked b l a d e s ,  (3 )  t h e  c a p a b i l i t y  of 
p r e d i c t i n g  f low over  t h e  b l ade  a t  any azimuthal ang le ,  ( 4 )  t h e  op t ion  t o  restrict  
c a l c u l a t i o n s  t o  t h e  flow Over t h e  t i p  p o r t i o n  of t h e  b l ade  f o r  computational e f f i -  
c i e n c y ,  and (5) t h e  o p t i o n  t o  o b t a i n  b e t t e r  r e s o l u t i o n  by c l u s t e r i n g  g r i d  p o i n t s  a t  
any s e l e c t e d  spanwise s t a t i o n .  

The computer r e s u l t s  ob ta ined  from t h i s  new code w e r e  compared wi th  ONERA test  
d a t a  f o r  s t r a i g h t -  and swept-t ip b l ades .  
t h a t  (1) t h e  t r a n s o n i c  phenomena t h a t  t a k e  p l a c e  on t h e  t i p  of a r o t o r  b l ade  are 

The computed r e s u l t s  are presented t o  show 



b a s i c a l l y  three-dimensional and unsteady;  ( 2 )  t h e  quasi-s teady theo ry  p r e d i c t s  good 
p r e s s u r e  d i s t r i b u t i o n s  f o r  a r o t o r  b l ade  i n  flow which i s  e i t h e r  e n t i r e l y  subsonic  
o r  s u b c r i t i c a l  w i th  weak shocks; and (3 )  t h e  quasi-s teady theo ry  i s  u s e f u l  f o r  des ign  
work because it g i v e s  good p r e s s u r e  d i s t r i b u t i o n s  f o r  a s t r a i g h t - t i p  r o t o r  b l ade  nea r  
t h e  90" azimuth where t h e  flow has  moderate shock waves. 

Th i s  r e p o r t  is  P a r t  I of a series of planned p u b l i c a t i o n s  under t h e  s a m e  g e n e r a l  
t i t l e ,  "Transonic Flow Analysis  f o r  Rotors." 

11. FLOW EQUATIONS 

The exact flow f i e l d  around a h e l i c o p t e r  r o t o r  b l ade  i n  forward f l i g h t  i s  gen- 
e r a l l y  acknowledged t o  be a ve ry  complex, unsteady,  three-dimensional problem. A 
complete numerical s imula t ion  i s  beyond t h e  s t a t e  of t h e  a r t .  The flow i n  t h e  p re s -  
e n t  case i s  assumed t o  be i n v i s c i d  and i s e n t r o p i c .  The re fo re ,  a v e l o c i t y  p o t e n t i a l ,  
+, e x i s t s  f o r  t h e  flow desc r ibed  i n  a frame of r e f e r e n c e  which is  a t  rest r e l a t i v e  
t o  t h e  undis turbed a i r .  ' I n  t h i s  i n e r t i a l  frame, t h e  complete equa t ion  f o r  t h e  veloc- 
i t y  p o t e n t i a l  i s  

where a i s  the l o c a l  speed of sound. B e r n o u l l i ' s  equa t ion ,  r e l a t i n g  a and 0, i s  

where a, i s  t h e  sound speed i n  t h e  undis turbed a i r ,  and y i s  t h e  s p e c i f i c  h e a t  
r a t i o  which i s  equa l  t o  1 . 4  f o r  a i r .  

-+ I f  t h e  blade geometry and l o c a t i o n  are desc r ibed  by s(?;t) = 0 ,  where r is 
t h e  p o s i t i o n  vec to r  i n  t h e  i n e r t i a l  frame, t hen  t h e  boundary c o n d i t i o n  a t  t h e  b l ade  
s u r f a c e  i s  

st + ? +  -+ vs = 0 
( 3 )  

For f u r t h e r  a n a l y s i s  i t  i s  more convenient t o  implement t h i s  s u r f a c e  boundary condi- 
t i o n  i n  a moving frame of r e f e r e n c e  i n  which t h e  b l a d e  l o c a t i o n  i s  f i x e d  ( f i g .  1). 
L e t  primed v a r i a b l e s  r e f e r  t o  t h e  i n e r t i a l  frame, F ' ,  and unprimed v a r i a b l e s  r e f e r  
t o  t h e  blade-attached moving frame, F.  Suppose t h a t  a t  t i m e ,  t ,  t h e  two frames are 
co inc iden t  and tha: F i s  moving r e l a t i v e  t o  F '  w i t h  a l i n e a r  v e l o c i t y ,  3, and an 
angu la r  v e l o c i t y ,  R .  Then, a t  t i m e ,  t ,  t h e  p o s i t i o n  v e c t o r ,  r ,  of a p a r t i c u l a r  f l u i d  
p a r t i c l e  is t h e  same f o r  both frames. I f  3 p o i n s ,  P i s  r i g i d l y  a t t a c h e d  i n  F ' ,  i t  
i s  observed i n  F t o  move w i t h  veloc$ty 9 = - ( U  + 8 x r ) .  
f l u i d  p a r t i c l e  a t  P i n  F i s  4 = V +  + V.  The r a t e  of change of + a t  P i s  
measured by an observer  i n  F as 

+ 

-+ Thus, t h e  v e l o c i t y  of 

The p o t e n t i a l  equation i n  t h e  moving frame, F, i s  given by 

2 



-t 3 -+ -+ 
+tt + 2 3  + (? $) (? V+) + $$ vt + 2v+ V+t 

and B e r n o u l l i ' s  equa t ion  i s  

L e t  t h e  moving frame, F,  b e  desc r ibed  i n  a Car t e s i an  coord ina te s  system i n  which 
x ,  y ,  and z r e p r e s e n t  t h e  chordwise, v e r t i c a l ,  and spanwise d i r e c t i o n s  of t h e  b l a d e ,  
and whose o r i g i n  i3 a t  t h e  c e n t e r  of r o t a t i o n .  
advance v e l o c i t y ,  U ,  l i e  i n  t h e  ( x ' , z ' )  p lane,  and l e t  i t  form t h e  i n c l i n a t i o f  a n g l e ,  
a o ,  wi th  t h e  n e g a t i v e  
i n  t h e  p o s i t i v e  y ' -axis  d i r e c t i o n .  
frame, F,  has  components of 

I n  t h e  i n e r t i a l  frame, l e t  t h e  

x ' - ax i s  d i r e c t i o n ,  and a l s o  l e t  t h e  angular  v e l o c i t y ,  R, be 
The v e l o c i t y ,  9 ,  caused by t h e  motion of t h e  

V, = Rz + U cos a. s i n  $ 

V, = U s i n  ct0 

and 

v, = -Rx + u cos a. cos $ 

where @ i s  t h e  azimuthal ang le  of t h e  blade ($ = 180" f o r  forward f l i g h t  d i r e c t i o n  
i n  t h e  i n e r t i a l  frame).  

The p o t e n t i a l  equat ion i n  Car t e s i an  coord ina te s  i s  

+ (n2x - ~ R U  cos  a0 cos $)ox + (0'2 + ~ R U  cos  a. s i n  +)@, (7) 

where q , ,  q2, and q,  
moving frame and are s p e c i f i e d  as 

are t h e  v e l o c i t y  components of l o c a l  f l u i d  pa r t i c l e  i n  t h e  

and 

T h i s  e q u a t i o n  i s  s i m i l a r  t o  t h e  one presented i n  r e f e r e n c e  5 wi th  t h e  except ion of 
t h e  las t  two terms. 

3 



B e r n o u l l i ' s  equat ion i n  Car t e s i an  coord ina te s  i s  
2 

1 2 a2 
$t  + v $ + v 9 + V3OZ + T (4; + 4; + 0,) + y-l = - 

1 x  2 y  Y - 1  

The p resen t  s tudy i s  focused on t h e  three-dimensional e f f e c t .  For s t e a d y  calcu-  
l a t i o n ,  a l l  time-dependent terms i n  equa t ions  ( 7 )  and (8) are dropped. Note t h a t  t h e  
e f f e c t  of r o t a t i o n  i s  s t i l l  included s i n c e  i t  i s  always p r e s e n t  i n  t h e  transforma- 
t i o n  mapping. This  s t eady  case  i s  c a l l e d  quasi-s teady i n  t h e  h e l i c o p t e r  l i t e r a t u r e .  
Several boundary cond i t ions  are necessary t o  complete t h e  boundary va lue  problem. 

I n  t h e  near f i e l d ,  t h e  flow tangency t o  t h e  blade i s  desc r ibed  by t h e  expres s ion  

+ - +  q * n = O  

where 8 i s  t h e  normal u n i t  v e c t o r  t o  t h e  b l ade  s u r f a c e .  The wake t h a t  i s  shed from 
t h e  t r a i l i n g  edge i s  assumed t o  b e  a v o r t e x  shee t  which i s  a smooth c o n t i n u a t i o n  of 
t h e  t r a i l i n g  edge. Across t h i s  v o r t e x  s h e e t ,  t h e  p r e s s u r e  i s  assumed t o  b e  cont inu-  
ous.  The jump i n  p o t e n t i a l  determined a t  t h e  t r a i l i n g  edge of each spanwise p r o f i l e  
i s  then  assumed t o  propagate t o  i n f i n i t y  in s t an taneous ly .  
boundary cond i t ion  can be formulated as a D i r i c h l e t  cond i t ion  where t h e  p o t e n t i a l  
van i shes .  

A t  t h e  f a r  f i e l d ,  t h e  

111. MESH SYSTEM 

It i s  much s impler  t o  inc lude  boundary c o n d i t i o n  i n  a f i n i t e  d i f f e r e n c e  calcu-  
l a t i o n  i f  t h e  boundary s u r f a c e  i s  conformal wi th  t h e  coord ina te  s u r f a c e .  
sheared mesh s y s t e m  t h a t  is  employed i n  t h e  p re sen t  a n a l y s i s  i s  s imi l a r  t o  one t h a t  
i s  used i n  previous ana lyses  w i t h  f i x e d  wings ( r e f .  6 ) .  
by a series of t r ans fo rma t ions  from t h e  p h y s i c a l  space t o  t h e  computat ional  domain 
( f i g .  2 ) .  

A p a r a b o l i c  

The mesh system i s  generated 

F i r s t ,  the  shea r ing  t r ans fo rma t ion  

x = x - x  (z )  

Y = Y - YS(Z> 
- 

- 
z = z  

(9) 

s h e a r s  out  t h e  b l ade  sweep and d i h e d r a l .  
of t h e  c i r c l e  pas s ing  through t h r e e  p o i n t s  nea r  t h e  l e a d i n g  edge of t h e  p r o f i l e  a t  
each spanwise s t a t i o n .  Second, t h e  s c a l i n g  t r a n s f o r m a t i o n  

Here, t h e  p o i n t  x s ( z ) ,  ys (z )  i s  t h e  c e n t e r  

(10) 

ii = x/scAL 

9 = y/scAL 

2 = Z/SCALZ 

accounts f o r  the s c a l i n g  between t h e  p h y s i c a l  space and t h e  computat ional  domain. 
Third , t h e  square r o o t  t r ans fo rma t ion  

4 



maps the entire blade surface to a shallow bump 
Y, = 0. Fourth, the second shearing transformation 

Y, = S(X,, Z,) near the plane 

Y = Y, - S(X,, Z1) 

x = x, 

z = z, I 
reduces the blade surface to a portion of the plane 
transformations are introduced to render the computational domain finite. 

Y = 0. Finally, the stretching 
For 

example, I 

- 
is used to map the planes Y = +m to Y = +1. Similar transformations are used out- 
board of the blade tips in the 
the X-direction. 
is continued smoothly downstream. 
vortex sheet across which the wake condition is applied. 

Z-direction and downstream of the trailing edge in 

This cut will be taken as the location of the 

I 

At the blade trailing edge, the branch cut in each spanwise plane 

I 

The transformations (9)-(12) applied to the steady form of equation (7)  yield 
an equation of the form 1 

If we introduce the following notation, 
~ 

u = X  

lJ = x,, 

5 = -<,;a + y'p) S 

Y 

c1 = -(S u + p) X 

sX1-l B = a -  

5 = SCALISCALZ 

y = rl - 5sx - 5sz 

5 



sXT P = X -  

and 

Q = R - 6  * S C A L  

Then, the coefficients of equation (13) can be written as 

+ u2 + E 9  A = i2 - a2(o  

B = V2 - a2(a2 + B~ + y2)  

c = r;’(W2 - a2> 

2 

6 
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D = f i  

R, = aM + y N  + a 2 [ ( a 2  + v 2  + E2)S, + c 2 S Z z  + 25<Sxz + Q ]  - (4: - q:)A 

and 

R,  = <N 

A t  t h e  b l ade  s u r f a c e ,  t h e  t a n g e n t i a l  flow cond i t ion  i s  simply v = 0 i n  t h e  
X , Y , Z  coo rd ina te s .  A t  t h e  f a r  f i e l d ,  t h e  D i r i c h l e t  c o n d i t i o n  (I = 0 i s  imposed i n  
t h e  p r e s e n t  s tudy .  
t h e  b l ade  t i p s ,  where t h e  Jacobian van i shes ,  t h e  p o t e n t i a l  equa t ion  reduces t o  t h e  
Laplace equa t ion  

For p o i n t s  on t h e  con t inua t ion  of t h e  s i n g u l a r  l i n e  outboard of 

9, + 9, = 0 

I V .  F I N I T E  DIFFERENCE APPROXIMATION 

The p o t e n t i a l  equa t ion  can be rearranged i n  t h e  canon ica l  form 

+ a2(V2$ - 9 ) + f i r s t - o r d e r  t e r m s  = 0 (14) 2 
ss (a2 - q 

where q i s  t h e  magnitude of t h e  v e l o c i t y ,  3 ,  and s i s  t h e  l o c a l  f low d i r e c t i o n .  
Th i s  equa t ion  i s  e l l i p t i c  f o r  subsonic  flow (q < a )  and i s  hype rbo l i c  f o r  supersonic  
f low (q > a ) .  A t  subsonic  p o i n t s ,  c e n t r a l  d i f f e r e n c e s  are employed t o  approximate 
a l l  d e r i v a t i v e s .  A t  supe r son ic  p o i n t s ,  upwind d i f f e r e n c e s  are app l i ed  t o  $ss of 
t h e  f i r s t  t e r m  of equa t ion  (14)  whereas c e n t r a l  d i f f e r e n c e s  are used t o  approximate 
t h e  rest o f  t h e  terms of equa t ion  ( 1 4 ) .  I n  t h e  X,Y,Z system, 

It is  e s s e n t i a l  f o r  r o t o r  flow c a l c u l a t i o n  t o  apply upwind d i f f e r e n c e s  t o  a l l  t h e  
d e r i v a t i v e s  i n  expres s ion  (15) i n  a l l  t h r e e  d i r e c t i o n s  according t o  t h e  s i g n  of U, 
V ,  and W .  

7 



V .  SOLUTION ALGORITHM 

A genera l ized  l i n e  r e l a x a t i o n  scheme i s  used t o  s o l v e  the f i n i t e  d i f f e r e n c e  
approximations of t h e  f low equa t ions  i n  X , Y , Z  system. A t y p i c a l  c e n t r a l  d i f f e r -  
ence formula f o r  $xx i s  

where t h e  s u p e r s c r i p t s  denote  t h e  i t e r a t i o n  leve l  and o i s  t h e  r e l a x a t i o n  f a c t o r .  

S imi l a r ly  , 

n+i n+l - n - n 
- 'i+l , j+l ,k  'i+l , j-1 ,k 'i-1 , j+l ,k + ' i - l , j - l , k  

0, - 4 AX AY 

A t  supersonic  p o i n t s ,  f o r  p o s i t i v e  U and V ,  t y p i c a l  upwind d i f f e r e n c e s  are 

and 

n+ 1 n+i - n+l - n+l 
- ' i jk  'i-1, j k  'ij-1 ,k + ' i - i , j - i , k  

'XY - AX AY 

The r e l a x a t i o n  process  can be regarded as an  approximation t o  some a r t i f i c i a l  t i m e -  
dependent equat ion  i f  w e  r ega rd  each i t e r a t i o n  as r e p r e s e n t i n g  an advance A t ,  i n  
a r t i f i c i a l  t i m e  coo rd ina te  ( r e f .  8 ) .  An a d d i t i o n a l  te rm of the form 

has  been added t o  t h i s  a r t i f i c i a l  time-dependent equa t ion  t o  speed up t h e  convergence 
rate of t h e  scheme. 
d e r i v a t i v e s  of t h i s  term. Th i s  i m p l i c i t l y  i n t r o d u c e s  a convec t ive  v i s c o s i t y  t o  t h e  
equat ion  and t h e  scheme i s  f u r t h e r  s t a b i l i z e d .  The r e s u l t i n g  l i n e a r  sys tem f o r  the 

unkrrwn 

decoupled. 

The upwind d i f f e r e n c e s  are used t o  approximate t h e  s p a t i a l  

n+i 
' i j k  is  very  l a r g e .  However, i t s  h o r i z o n t a l  l i n e s  ( j  and k c o n s t a n t )  are 

Each h o r i z o n t a l  l i n e  can t h u s  b e  so lved  by a t r i d i a g o n a l  m a t r i x  s o l v e r .  

V I .  RESULTS AND DISCUSSION 

A t y p i c a l  run  c o n s i s t s  of  100 r e l a x a t i o n  sweeps on each  o f  t h r e e  d i f f e r e n t  g r i d s  
(a f i n e r  g r i d  conta in ing  twice as many g r i d  p o i n t s  i n  each  d i r e c t i o n  of  a c o a r s e  
g r i d ) .  
g r i d  p o i n t s  i n  the X ,  Y ,  and Z d i r e c t i o n s ,  r e s p e c t i v e l y .  The s o l u t i o n  i s  then  

An i n i t i a l  c a l c u l a t i o n  i s  performed on a c o a r s e  g r i d  c o n t a i n i n g  32 by 6 by 8 
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i n t e r p o l a t e d  onto a medium g r i d  and i s  used as a s t a r t i n g  guess.  The p rocess  i s  
repeated aga in  f o r  t h e  f i n e  g r i d  t o  g e t  t h e  f i n a l  s o l u t i o n .  A t y p i c a l  run f o r  each 
azimuthal p o s i t i o n  t a k e s  about 40 s e c  (CPU time) on t h e  NASA Ames Cray 1-S computer. 

I 

j 

Comparisons are made wi th  experimental  d a t a  from two model r o t o r  b l ades  t h a t  
w e r e  t e s t e d  a t  ONERA i n  1978. The d e t a i l e d  blade geometr ies ,  one of which had a 
swept t i p ,  are desc r ibed  i n  r e f e r e n c e  9.  Both b l ades  are t ape red  and have symmetric 
b l ade  s e c t i o n s .  
of t h e  b l ade  ( t h e  k ink  i s  a t  r / R  = 0.85) .  Their geometr ies ,  f i g u r e s  3 ( a )  and 3 ( b ) ,  
are approximated i n  TFARl by t h e  r e s p e c t i v e  geometries,  f i g u r e s  3 ( c )  and 3 ( d ) .  The 
t r a i l i n g  edge of t h e  approximate b l ades  i s  sawtoothed. 

The swept-t ip b l a d e  has  a 30" l e a d i n g  edge sweep on t h e  o u t e r  15% 

The f i r s t  se t  of r e s u l t s  presented is f o r  t h e  n o n l i f t i n g  s t r a i g h t  t i p  b l a d e  a t  
a free-s t ream Mach number of 0.2406 (4, = 80.4 m/sec) and a t i p  Mach number of 0.5976 
because of r o t a t i o n  (RR = 199.7 m/sec).  The advance r a t i o  i s  about u = 0.4 .  Fig- 
u r e  4 compares t h e  c a l c u l a t e d  and measured s u r f a c e  p r e s s u r e  d i s t r i b u t i o n s  a t  t h r e e  
d i f f e r e n t  span s t a t i o n s ,  r / R  = 0.85, 0.9, and 0.95 f o r  azimuthal ang le s  from 0" t o  
180" a t  30" increments.  Agreement i s  good f o r  t h i s  case. It i s  noted t h a t  t h e  
flows are e i t h e r  e n t i r e l y  subsonic  o r  s u b c r i t i c a l  w i th  a s m a l l  supersonic  zone. I n  
o t h e r  words, when t h e  unsteady e f f e c t  of t h e  flow i s  s m a l l ,  t h e  code p r e d i c t s  good 
p r e s s u r e  d i s t r i b u t i o n s .  

The second set  of r e s u l t s  t h a t  is  presented i s  f o r  t h e  same s t r a i g h t  t i p  b l ade  
a t  a free-s t ream Mach number of 0.3292 (4, = 110 m/sec) and a t  a t i p  Mach number of 
0.5976 because of r o t a t i o n  (RR = 199.7 m/sec). 
F igu re  5 compares t h e  c a l c u l a t e d  and measured s u r f a c e  p r e s s u r e  d i s t r i b u t i o n s  a t  t h e  
same t h r e e  span s t a t i o n s  (r/R = 0.85, 0 .9 ,  and 0.95) f o r  azimuthal ang le s  from 0" t o  
330" a t  30" increments.  O v e r a l l ,  agreement i s  f i n e  f o r  t h e  advancing flow s i d e ,  and 
i s  poor f o r  t h e  reverse flow s i d e .  
subsonic  w i t h  moderate o r  g r e a t e r  zones of embedded supe r son ic  flow. The code pre- 
d i c t s  s t r o n g e r  shock waves i n  t h e  f irst  quadrant and p r e d i c t s  weaker shock waves i n  
t h e  second quadrant  when compared w i t h  t h e  ONERA d a t a .  
t h e  code p r e d i c t s  good p r e s s u r e  d i s t r i b u t i o n s  nea r  90" azimuth i n  s p i t e  of t h e  
unsteady e f f e c t  t h a t  i s  q u i t e  s t rong  t h e r e .  A comparison between TFARl and ROT22 
r e s u l t s  ( r e f .  5 )  a t  span s t a t i o n  (r/R = 0.9) f o r  t h e  azimuthal  ang le s  ($ = 60,  90, 
and 120) i s  shown on f i g u r e s  5 (c ) -5 (e ) .  The d i f f e r e n c e s  may be due t o  t h e  absence 
of t e r m s  i n  t h e  flow equa t ion  as we mentioned (eq.  7 ) .  

The advance r a t i o  i s  high (p = 0.55).  

The flow f i e l d s  i n  t h e  advancing flow s i d e  are 

It should be pointed out  t h a t  

A similar c a l c u l a t i o n  i s  performed f o r  t h e  swept b l ade  a t  a free-s t ream Mach 

Fig- 
number of 0.3127 (4, = 105 m/sec) , a t i p  Mach number 0.6288 (RR = 210 m/sec) caused 
by b l a d e  r o t a t i o n  and a 0" ang le  of a t t a c k .  
u r e  6 shows computed and experimental  s u r f a c e  p r e s s u r e  d i s t r i b u t i o n s  f o r  t h i s  case. 
The p r e d i c t i o n  w i t h  TFARl i n  t h e  v i c i n i t y  of t h e  crank i s  good. 
t h e  leading-edge sweep and i t s  e f f e c t  on the  p r e s s u r e  d i s t r i b u t i o n .  
e f f e c t s  of the sweep-back of t h e  blade t i p  i s  t o  de l ay  t h e  shock formation.  
can  be seen  from t h e  f a c t  t h a t  t h e  code TFARl p r e d i c t s  good p r e s s u r e  d i s t r i b u t i o n s  
a t  t h e  120" azimuth f o r  t h e  30" swept-t ip blade.  

The advance r a t i o  i s  p = 0.5.  

TFARl accounted f o r  
One of t h e  

This  
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V I I .  CONCLUSIONS 

A f i n i t e  d i f f e r e n c e  code, TFAR1, f o r  p r e d i c t i n g  quasi-s teady t r a n s o n i c  f low 
over  a h e l i c o p t e r  r o t o r  b l ade  w a s  p re sen ted .  The code s o l v e s  t h e  second o r d e r  f u l l -  
p o t e n t i a l  equat ion  i n  the moving frame and i s  s u i t a b l e  f o r  modeling t h e  t h i c k n e s s  
e f f e c t  of  the b lade .  

Computed r e s u l t s  ob ta ined  from t h i s  new code have been compared w i t h  ONERA d a t a  
f o r  b o t h  s t r a i g h t -  and swept- t ip  b l ades  w i t h  advance r a t i o s  ranging  from 0.4 t o  0.55. 
R e s u l t s  showed e x c e l l e n t  comparisons between quasi-s teady computations and expe r i -  
mental  p re s su re  d i s t r i b u t i o n s  f o r  f low which w a s  e n t i r e l y  subsonic  o r  subsonic  w i t h  
a s m a l l  supersonic  zone. F a i r  c o r r e l a t i o n  between quasi-s teady computat ional  and 
exper imenta l  p re s su re  d i s t r i b u t i o n s  w e r e  ob ta ined  f o r  f low w i t h  moderate o r  g r e a t e r  
zones of embedded supersonic  f low.  

It i s  concluded t h a t  (1) quas i - s teady  theo ry  can p r e d i c t  good p r e s s u r e  d i s t r i -  
b u t i o n s  f o r  flows wi thout  any shock o r  w i t h  weak shocks,  ( 2 )  quas i - s teady  theo ry  can 
s t i l l  p r e d i c t  good p r e s s u r e  d i s t r i b u t i o n s  f o r  a s t r a i g h t - t i p  b l ade  nea r  90" azimuth 
f o r  f lows having moderate shocks and t h u s  i s  good f o r  des ign  work, ( 3 )  t h e  unsteady 
e f f e c t  t h a t  t akes  p l a c e  on t h e  t i p  of a r o t o r  b l ade  on the advancing s i d e  i s  
b a s i c a l l y  caused by t h e  t r a n s i e n t  shock movement, and ( 4 )  an unsteady theo ry  is 
necessary  t o  p r e d i c t  t h e  f low f i e l d  around a h e l i c o p t e r  r o t o r  b l ade  when shocks of 
moderate s t r e n g t h  appear .  
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APPENDIX A 

DESCRIPTION OF THE CODE 

The inpu t  d a t a  deck c o n s i s t s  of sequences of p a i r s  of ca rds .  The f i r s t  ca rd  of 
each p a i r  g ives  t h e  names of t h e  parameters t h a t  appear on t h e  d a t a  ca rds  t h a t  fol low.  
All d a t a  i t e m s  are read as f l o a t i n g  p o i n t  numbers i n  a f i e l d  of 10 columns, and val- 
ues  t h a t  r e p r e s e n t  i n t e g e r  parameters are converted i n  t h e  program. A l l  t h e  inpu t  
d a t a  i s  immediately p r i n t e d  as output  so  t h a t  it i s  easy t o  check t h e  accuracy of t h e  
i n p u t .  

A f t e r  t h e  f l i g h t  c o n d i t i o n  i s  read i n ,  the b l a d e  geometry i s  de f ined  by g iv ing  
b l ade  s e c t i o n  p r o f i l e s  a t  success ive  spanwise s t a t i o n s  from b lade  r o o t  (near  t h e  
c e n t e r  of r e v o l u t i o n )  t o  b l a d e  t i p .  The blade planform and d i h e d r a l  are determined 
by s p e c i f y i n g  t h e  chord, t h e  l ead ing  edge coord ina te s ,  and t w i s t  angle  a t  each sec- 
t i o n a l  p r o f i l e .  
n a t e s ,  t h e  chord, and t h e  t w i s t  ang le  a r e  given a t  t h e  new s t a t i o n  i f  t h i s  new 
s e c t i o n a l  p r o f i l e  i s  s i m i l a r .  Otherwise,  t h e  inpu t  p r o f i l e  should be provided aga in .  
The b l ade  s e c t i o n s  between two given s t a t i o n s  are generated by i n t e r p o l a t i o n .  
program p r i n t s  t h e  coord ina te s  of t h e  unfolded s e c t i o n a l  p r o f i l e s  t h a t  are produced 
by t h e  code a t  t h e  r o o t  and a t  t h e  t i p  of t h e  b l ade .  They should be in spec ted  t o  
see i f  t hey  are reasonably smooth. 

A f t e r  t h e  f i r s t  a i r f o i l  is  read i n ,  only t h e  l ead ing  edge coordi-  

The 

The program a l s o  p r i n t s  a c h a r t  of values  of an indicator-IV which shows t h e  
c h a r a c t e r i s t i c s  of p o i n t s  i n  t h e  Y = 0 plane.  The indicator-IV = 2 i n d i c a t e s  a 
p o i n t  on t h e  b l ade ,  I V  = 1 i n d i c a t e s  a po in t  on t h e  t r a i l i n g  v o r t e x  s h e e t ,  I V  = 0 
i n d i c a t e s  a p o i n t  on t h e  s i n g u l a r  l i n e ,  I V  = -1 i n d i c a t e s  a p o i n t  ad jacen t  t o  t h e  
edge of t h e  b l ade  on t h e  v o r t e x  s h e e t ,  and I V  = -2 i n d i c a t e s  an o rd ina ry  p o i n t  
beyond t h e  b l ade  o r  v o r t e x  s h e e t .  

The program next  d i s p l a y s  t h e  i t e r a t i o n  h i s t o r y .  The maximum c o r r e c t i o n  t o  t h e  
v e l o c i t y  p o t e n t i a l  and t h e  maximum r e s i d u a l  of t h e  d i f f e r e n c e  equat ion t o g e t h e r  w i th  
t h e  i, j ,  and k l o c a t i o n ,  t h e  r e l a x a t i o n  f a c t o r s ,  t h e  c i r c u l a t i o n  a t  t h e  middle 
b l a d e  s e c t i o n ,  and t h e  number of supersonic  p o i n t s  are p r i n t e d  a t  every c y c l e .  

A f t e r  a s p e c i f i e d  maximum number of cyc le s  h a s  been completed, o r  a convergence 
c r i t e r i o n  has been s a t i s f i e d ,  t h e  s e c t i o n  l i f t ,  d rag ,  and moment c o e f f i c i e n t s  are 
p r i n t e d  f o r  each span s t a t i o n  and t h e  p re s su re  d i s t r i b u t i o n  i s  p r i n t e d  o r  d i sp l ayed  
i n  a p l o t  as d e s i r e d .  F i n a l l y ,  t h e  c h a r a c t e r i s t i c s  of the blade are p r i n t e d  which 
i n c l u d e  t h e  c o e f f i c i e n t s  of l i f t  and form drag t h a t  are computed by i n t e g r a t i n g  t h e  
s u r f a c e  p r e s s u r e .  An estimate of f r i c t i o n  d rag  c o e f f i c i e n t  may be supp l i ed  i n  t h e  
i n p u t ,  and t h i s  w i l l  be  included t o  produce an estimate of t h e  t o t a l  d rag  c o e f f i -  
c i e n t .  A t  t h e  end, a d d i t i o n a l  p l o t s  are generated i f  they are d e s i r e d .  These show 
a v i e w  of t h e  b l ade  and t h e  three-dimensional p r e s s u r e  d i s t r i b u t i o n s  over  t h e  upper 
and lower s u r f a c e s ,  r e s p e c t i v e l y ,  w i th  t h e  r o o t  a t  t h e  bottom of t h e  p i c t u r e .  
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APPENDIX B 

GLOSSARY OF INPUT PARAMETERS 

TITLE T i t l e  of t h e  case be ing  run.  (A format) 

Card p a i r  1: 

FNX The number of mesh i n t e r v a l s  i n  t h e  d i r e c t i o n  of t h e  chord. 

FNY The number of mesh i n t e r v a l s  i n  t h e  d i r e c t i o n  normal t o  t h e  chord and 
span. 

FNZ The number of mesh i n t e r v a l s  i n  t h e  d i r e c t i o n  of t h e  span. 

Card p a i r  2 :  

FIT The maximum number of i t e r a t i o n  c y c l e s  which w i l l  be  computed. 

COVO The d e s i r e d  accuracy.  

P10 The subsonic  r e l a x a t i o n  f a c t o r  f o r  t h e  v e l o c i t y  p o t e n t i a l .  P10 l i es  
between 1 and 2 and should be inc reased  toward 2 w i th  mesh ref inement .  

P20 The supersonic  r e l a x a t i o n  f a c t o r  f o r  the v e l o c i t y  p o t e n t i a l .  Recom- 
mended va lue  1. 

P30 The r e l a x a t i o n  f a c t o r  f o r  t h e  c i r c u l a t i o n .  Recommended v a l u e  1. 

BETA0 The damping f a c t o r  which c o n t r o l s  t h e  amount of convect ive term. Recom- 
mended va lue  0.1. 

FHALF Determines whether t h e  mesh w i l l  b e  r e f i n e d .  FHALF = 0 t e r m i n a t e s  the 
computation a f t e r  FIT i t e r a t i o n s  o r  a f t e r  convergence. FIT = 0 
ha lves  t h e  mesh a f t e r  FIT i t e r a t i o n s  o r  convergence on t h e  c o a r s e  
mesh. An a d d i t i o n a l  ca rd  p a i r  2 i s  r e q u i r e d  f o r  each mesh r e f i n e -  
ment. The v a l u e  FHALF = 0 appears  on the las t  mesh ref inement  
ca rd .  

Card p a i r  3 :  

FSPEED The forward f l i g h t  speed (m/sec).  

PSI The azimuthal  ang le  of t h e  b l a d e  (deg) .  

ALPHA The ang le  of a t t a c k  (deg) .  

TIPWR The t i p  speed due t o  t h e  r o t a t i o n  of the b l a d e  (m/sec) .  

RADIUS The r o t o r  d i s k  r a d i u s  (m). 

AINF The speed of sound of und i s tu rbed  a i r  i n  f a r  f i e l d  (m/sec).  
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Card p a i r  4 :  

CREF The r e fe rence  chord l e n g t h .  

XREF The r e f e r e n c e  chordwise o r d i n a t e  of p o i n t  about which t h e  s e c t i o n a l  
a i r f o i l  p i t c h i n g  moment c o e f f i c i e n t  i s  c a l c u l a t e d .  

FBT.A.DE Controls  t h e  t i p  p o r t i o n  of blade t o  be c a l c u l a t e d .  FBLADE = 1 gives  
t h e  whole b l a d e .  

FCLUST Controls  t h e  spanwise mesh p o i n t  d i s t r i b u t i o n .  FCLUST = 0 means uni- 
form g r i d  i s  used. 

CDO The est imated d rag  due t o  s k i n  f r i c t i o n .  This can be added t o  t h e  drag 
c a l c u l a t e d  by t h e  code t o  give the t o t a l  d r a g .  

Card p a i r  5 :  

FNC 

SWEEP1 

SWEEP2 

SWEEP 

D I H E D l  

DIHEDL 

DIHED 

Card p a i r  6 :  

zs 

XL 

n 

CHORD 

THICK 

TWIST 

FSEC 

The number of span s t a t i o n s  f r o m t h e  b l ade  r o o t  t o  t h e  t i p .  

The sweep of t h e  s i n g u l a r  l i n e  a t  t h e  b l ade  r o o t  (deg) .  

The sweep of t h e  s i n g u l a r  l i n e  a t  t h e  b l ade  t i p  (deg) .  

The sweep of t h e  s i n g u l a r  l i n e  i n  t h e  f a r  f i e l d  (deg) .  

The f l a p  ang le  of t h e  s i n g u l a r  l i n e  a t  t h e  b l ade  r o o t  (deg).  

The f l a p  ang le  of t h e  s i n g u l a r  l i n e  a t  t h e  b l ade  t i p  (deg) .  

The f l a p  ang le  of t h e  s i n g u l a r  l i n e  i n  t h e  f a r  f i e l d  (deg).  

Span l o c a t i o n  of t h e  s e c t i o n .  

X coord ina te  of t h e  l ead ing  edge. 

Y coord ina te  of t h e  l e a d i n g  edge .  

T h e - l o c a l  chord v a l u e  by which t h e  p r o f i l e  coord ina te s  are s c a l e d .  

Modified t h e  s e c t i o n  t h i c k n e s s .  The Y coord ina te s  are m u l t i p l i e d  by 
THICK. 

The ang le  through which a s e c t i o n  i s  r o t a t e d  t o  in t roduce  t w i s t  about 
t h e  quarter-chord p o i n t  of t he  s e c t i o n  a i r f o i l .  

I n d i c a t e s  whether o r  no t  t h e  geometry f o r  a new p r o f i l e  is  supp l i ed .  
FSEC = 0 means t h e  s e c t i o n  i s  obtained by s c a l i n g  t h e  p r o f i l e  used 
a t  t h e  previous span s e c t i o n  according t o  t h e  parameters CHORD, THICK, 
AND TWIST. No f u r t h e r  cards are read f o r  t h i s  span s t a t i o n  and t h e  
next  ca rd  i s  t h e  t i t l e  card f o r  t h e  nex t  span s t a t i o n ,  i f  any. 
FSEC = 1 means the coordinates  f o r  a new p r o f i l e  are t o  be read 
from t h e  d a t a  c a r d s  t h a t  follow. 
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Card p a i r  7 :  

YSYM I n d i c a t e s  t h e  type  of p r o f i l e .  YSYM = 0 means t h e  d a t a  supp l i ed  are 
f o r  a cambered p r o f i l e .  Coordinates  are given f o r  t h e  upper and t h e  
lower s u r f a c e s ,  each ordered  from nose t o  t a i l  w i t h  t h e  l e a d i n g  edge 
inc luded  i n  bo th  s u r f a c e s .  YSYM = 1 means t h e  d a t a  supp l i ed  are 
f o r  a symmetric p r o f i l e .  A t a b l e  of coord ina te s  i s  read  i n  f o r  t h e  
upper s u r f a c e  only.  

FNU The number of  upper s u r f a c e  coord ina te s .  

m The number of lower s u r f a c e  coord ina te s .  For YSYM = 1, NL = NU. 

Card p a i r  8 :  (Upper s u r f a c e  coord ina te s )  

X,Y The coord ina te s  of t h e  upper s u r f a c e .  They appear  from l ead ing  edge t o  
t r a i l i n g  edge. 

Card p a i r  9:  (Lower s u r f a c e  coord ina te s )  

XYY The coord ina te s  of t h e  lower s u r f a c e  from l ead ing  edge t o  t r a i l i n g  edge. 
The l e a d i n g  edge of t h e  upper s u r f a c e  i s  t h e  same as the l ead ing  edge 
of t h e  lower s u r f a c e .  The t r a i l i n g  edge p o i n t s  are d i f f e r e n t  i f  t h e  
p r o f i l e  has an  open t a i l .  

Card p a i r s  10,  11, . . .: 
These card  p a i r s  are l i k e  ca rd  p a i r s  6 ,  7 ,  8 ,  and 9 .  The number of such 

ca rd  p a i r s  depends on t h e  number of span s t a t i o n s ,  FNC.  
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APPENDIX c I 
LISTING OF TFARl PROGRAM 

*DECK TFAR1 
PROGHAH TFAR1 (INPUT,OUTPUT,TAPES=INPUT,TAPC6=OUTPUTP~JT, 

e T APE 1 4 ,  TAP E 1 6 ,  T A YE2 0 ) 
C THREE D I M E N S I O N A L  R O T O R  HLADE AkALYSIS IN T R A N S O N I C  FLOW 
C U S I N G  SHEARED PARABOLIC COORUIKATES 
C G IS THE REDUCED VEbOCITY P O T E N T I A L  I N  THE M O V I N G  FRAME 
C A ROTATIONAL FLON V E R S I O N  O F  J A M E S U P l ' S  FLOl7 F U R  A ROTUH ULADE 
C YROGHAdYED BY I - C H U N G  CHAMG, A P h I L  1983 
*CALL BLANK 
*CALL A 
*CALL FLO 

DIMENSION X S ( 2 0 0 , 3 3 ) , Y S ( 2 0 0 , 3 3 ) ,  
1 ZS(33),XLE(3~),YLE(33),SL~PT(33),TRAIL(33),NP(33), 
2 E 1 ( 3 3 ) , E 2 ( 3 3 ) , E 3 ( 3 3 ) , E 4 ( 3 3 ) , E 5 0 ,  
3 X P ( 2 O O ) , Y P ( 2 0 0 ) , ~ 1 ~ 2 0 0 ~ ~ ~ 2 ( 2 0 0 ) ,  
4 X ( 1 2 9 ) , Y ( 1 2 u ) , S U ~ 1 2 9 ~ , s v ~ 1 2 9 ~ , s ~ ~ 1 2 9 ~ , s ~ ~ 1 2 ~ ~ ,  
5 CP(12Y),CHORD(33),SCL(33),SCDorSCM(33),SCM(33), 
6 F I T ( 3 ) , C O V O ( 3 ) , P I 0 ( 3 ) ~ P 2 ~ ( 3 ) , P 3 0 ( 3 ) , B E T A 0 ( 3 ) ,  
7 F H A b F ( 3 ) , F I T M I N ( 3 ) , K P L O T S o , T Y T L E ( 1 0 )  

ND = 200 
NE = 129 
IHEAI) = 5  
XWHLT = 6  
PI = 3.14159265358979 
hAD = 57.2957795138823 
OHAD = l,/HAD 
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1 WRITE ( I k b ! I T , 6 0 U )  
WHITE (IWRITp2) 

2 F U H M A l ’ ( 1 4 t i O P H U G H A ~  TFAR1,70X,31H 1-CHUNG CHANG,NASAoAMES CENTER/ 
1 42IIOTHKEE P I Y E N S I O N A L  ROTOR BLADE ANALYSIS IN, 
2 51H TRANSONIC FLtDW USlhG SHEARED PAHAHOLXC COORDINATES) 
HEAU(IHEAD,530) TYTLE 
WHITE(IdRIT,bjO) TYTLE 
HEAD(IHEAD,SOO) 
R E A D (  IHEAL), 510) FNXIFNY C’NZ 
N X  = FfiX 
N Y  = YNY 
N Z  = PNZ 
I F  (NX.LT.1)  Gu TO 302  
XPLUT = -1 
KPLclT = 1  
H U A D ( I R E A 0 , 5 0 0 )  
NM = o  

11 NM = k Y  + 1  
HEAU(IHEA0,SlO) YIT(NM),COVO(~~),PlO(~M),e20(~M), 

P30(rUW , B E T A 0  (NH) ,€ H A L F  ( N Y )  
f F  (FHAL€~(NM).~E.O..AND.h~.L~.3) GO TO 11 
FHAbF(3) = 0. 
REAO(lt2EA0,500) 
W E A O ( I H b ~ A U , 5 1 0 )  FSPEED,PSI,ALPHA,TlPMR,RADlUS,AII~F 
HEA0(1HEA0,500) 
HEAD(IHEAD,51O) CHEF,XRFF, FBLAL)E,FCLUST,CDO 
T I L C  = ALPHA 
I c w s r  = FCLUST 
ALPrlA = T I L T  *DRAt) 
PSI0 = P S f  
es I = PSI0  *ORAL)  
DHAOlUS = 1. / R A D I U S  
FMACrl = F S P E E D / A I N F  
TMACH = T l P * R / A I N F  
POMEGA = tlPhH/(CHEF*KADIUS) 
UTHEF = CHEF/AINF 
OMEGA = POHEGAlUTHEF 
CA = YKACHSCOSIALPHA) 
SA = PMACH*SIN(ALPHA)  
YSIM = P S I - . S * P I  
CAC = CA*CUS(PSXM) 
CAS = CA*SlN(PSIw) 
CALL GEOM ( ~ D , N C , N P , Z S , X S , Y S , X L E , Y L E , S L O P T , T R A I L , X P , Y P ,  

1 S ~ E E P l , S W t E P 2 , S W E L P ~ ~ ~ H ~ D l , ~ I H ~ ~ 2 , ~ 1 H E D ~  
2 ~ l , D 2 , X T E O , C H O K U O , Z T I P , I S Y M O , H I N G E , F R L A D ~ )  

ISYW = ISXMO 
9 1  CALL COURU ( N X , ~ Y , N Z , X T E O , Z T l P , ~ ~ ~ X , Z M A X , I C L U S T ,  

2 AO,Al,AZ,A3,~O,Hl,B2,E3,CO,CO,~l,C2,C3) 

1 S W E L P l , S W E E P 2 , S k E E P I ~ I H ~ D l , ~ 1 H ~ ~ 2 , ~ l H E ~ ,  

1 S Y , SC A i~ SC A L 2, A X I  A Y A 2, 

C , hi Z , K T E 1 , K 1 E 2 ,  C ti 0 k L) 0, C A L, L SING 11 ( 

2 ZS,XLE,YLt,XC,XZ,XZZ,YC,~Z,YZZ, 
3 C O , C 1 , C 2 , C 3 , E l , E 2 , L 3 , E 4 , E 5 , I N u )  

CALL SUKF (r~D,~C,ZS,SLOPT,THAIL,XS,YS,~~, 
1 Xi‘, Y P, 111 102 03, X ,  Y IPJD 1 
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IF ( I h l D , E O . O )  GU TO 291  
PIM = 1  
NIT = @  
CALL ESTIM 

101 WRITE (IWRITldOO) 
MIT = F'IT(TJM) 
K1T = MIT 
IF (~M.GT.l~AN~,~HALF(NM).~~,0.) KIT = 10 
312 = rd x 11 

KRES = (MIT -NIT -21/500 +2 
JRES = o  
NRES = O  
cov = COVO(NM1 
cou = 10000000. 
K Y  = iUY +1 
K l  = ; 2  
K2 = NZ 

vJHlTE (IWHIY,104) 
103 LZ = N Z / 2  +1 

104 FOHMAT(4YHOlNDICAIION OF L O C A T I U N  O F  BLADE AND VORTEX SilEE'l'? 
1 27H Ik CUUHUINATE P L A N E  Y = O./ 
2 27HO((IV(I?K)IK=Kl?K2)?1=2?NX)) 
DO 106 I= 'L , i I IX  

WRITE (IWKIT,600) 
W R i r E  (I*H1T1112) 

106 WRITE (IdRIT?6SO) (IV(IpK),K=hl,K2) 

112 FORMAT(49HOCHORDdISE C E L L  DISTHJBUTIQN IN SQUARE ROOT PLANE? 
1 54H A K D  MAPPED SURFACE C O O k U l W A T E S  A T  CKhTEK LINE AND TIP/ 
2 15HO A 0  ,15H A 1  ? 

3 1 SH A 2  I 15H A3 ? 

3 15H k0OT PWOFILE,35H TIP P R O F I L E  1 
DO 114 I = 2 p M X  

114 WKXTE ( IWRIT,610) A 0  (1) ,A 1  (I) ?A2 (1 1 PA3 ( I :  1 ,SO ( I  KTEl 1 SO (I , KTK2) 
WRITE (IWRIT,116) 

116 FORMAT(1SHO TE LOCATLON ,15H POWER LAW 1 
HRITE (IdHIT,610) X M A X l A X  
WRITE (IWRIT,600) 
%RITE (IWkIT?l18) 

118 FORHAT(46HONOHMAL CELL D I S T H I t \ U T I O N  IN SdUARE HOOT P L A N E /  
1 15HO bO 15H 131 ? 

2 1 S H  B'! 15H b3 1 
DO 120 J=2,KY 

120 WRITE (IdKIT,610) BO(J)?wl(J),H2(3),83(J) 
WRlTE (14KIT,1221 

122 F U H H A l ' ( l S H 0  SCALE FACTOH,lSH POWER L A H  1 
WHITE (IdRIT,610) SYpAY 
WRITE (IrdHlT,600) 
WRITE (IdHIT,124) 

124 F O K M A T ( ~ ~ H O S P A N ~ ~ S E  CELL DISTRIBUTION/ 
1 15HO co # 15H c1  p15h 
2 15H c3 1 

DO 126 K=Kl,KZ 

WHITE (Id&LT,128) 
126 'JJRXTE (IHHIT,610) CO(K)rCl(K)rC2(K)rC3(K) 

128 FOHMAT(1SHO T 1 P  LOCATION,lSH POHER b A W  1 

C Z  1 
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NZ 1 
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CU 

WHITE ( IWHIT, 600) 
dHITE(IdHIT,184) YSID 

184 FOHMAT(ld~,*AZI~UTHAL ANGLE = *,E15.5) 
171 K = K + 1  

IF ( K . E O . M Z )  GO r u  191 

I1 = m m ~ )  
ZSEC = CO(K) + HINGE 
VROT = OKEGASZSEC 
W T A N  = VIiOT + FMACH*sI~(uSI)*CoS(ALPHA) 
SMACHCK) = v1rAr.I 

I F  (K,LT.KTEl.oK.~.GT.KTE2) GO TU 171 

12 = 'I'l'f52[K) 

I 
CALL V E L O ( K , S U , S V , S W , S M , C P , ~ , X )  

175 CHORD(K) = X ( I 1 )  - X ( L X )  
CALL FOHCF(Il,X2,X,YpCP,TILT,CHOhU(K),XC(K),SC~(K),SC~(K),SC~(K)) 
CALL PSUR~(lPLOT,K,X,Y,CP,I1,~2,SCL(K),SCa(k),ScM(K)) 
dRITE (IdRIT,bOO) 
WHITE (XdHIT,182) 

182 FORMAT(24HOSECPION CHARACTFHlSTlCS/ 
1 15HO SPAN STATION,lSH CL p 1 5 b  
2 1 5 H  CM 1 

ZPHYS= COCK) + HINGE 
185 WRITE (IwHIT,6lO)ZPHYS,SCL(K),SCD(K),SCM(K) 

IF (KPLOTeGE.0) CALL CPLOT (I1,12,SMACH(K),X,Y,SU,SV,SW,SP,CP) 
GO TO 1'11 

191 CALL T U T F O R ( K T E l , K T E 2 , C H O H D , S C L , S C D , S C M , C O , X C ,  
1 CL,CDl,CMP,CMY,CMY) 
CU = clio + C D 1  
V L O l  = 0. 
IF (ABS(C31).GT.1.E-6) V L D l  = C L / C U l  
VLD = 0, 
IF (ABS(CD).GT.l.t-6) VLR = CL/CL, 
WHITE (LMRLT,bOO) 
WRlTE (IJHlT,192) 

192 FOHMAT(22HOBLADE CHARACTEHISTICS/ 
1 15110 CL 115h CU F O R M  , 1 5 H  CU FRICTION I 

2 1 5 H  CD , i 5n L/D FORM , 1 5 H  L/I)  1 
WRITE (IdRIT,610) C L ~ C D l ~ C D O ~ C D ~ V L D l ~ V L D  
k R I T E  (IMHIT/,l96) 

CM ROLL,  ,ISH CM Y A W  1 196 FOHMAT(1SHO CM PITCH ,15H 
brRITE (IWRIT,610) CMPpCMHpCMY 

210 CALL THREED(IPLOT,SU,SV,SW,SM,CP,X,Y,TYT~~,CH~RP, 
a CL,CD,CHDHDO,SCL,SCD,SCM) 
CALL R O T U H B ( I P L O T , S U , S V , S ~ , s M , C F I X I Y )  
GO TO 301 

291 WRITE (IURIT,600) 
dRLTE (LdRIT,292) 

292 FORMAT( 24HOBAU D A T A , S P L I N E  FAILUFcE.) 
301 I F ( I P L O T . E O . 0 )  CALL DOrJEPL 
302 STOP 
500 FORMAT(1X) 
5 1 0 FORM A T  ( H F 1 r) . 6 ) 
511 FORMAT(2613) 
530 FOHMAT(10A9) 
6 0 0  FOHYAT(lH1) 
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*DECK GEUY 
SUdHUUTINE GELlM (ND,NC,NP,ZS,XS,YS,XL~,Y~~,SL~PT,TRAIL,XP,YP, 

1 S U E E P l , S W E E P 2 , S ~ E E P , ~ I ~ ~ f ~ l , ~ I H E D 2 , D I H E D ,  
2 D1,L~2~XTEO,CHOkDO,ZTIP,ISYMO,HINGE,FBLAD~~ 

C GEdMEl'RIC D E F I N I T I U N  UF HUTOH hLADE 
DIMENSIOPJ 

XREAL, = 5  
INKIT = 6  
HAL) = 5 7 . 2 9 5 7 7 9 5 1 3 0 8 2 3  
RC;AO ( I HEAD, 5 0 0 1 

IF (FNC.LT.3.) HETURF( 
NC = FNC 

x s ( r v u , i )  , Y s ( N o , 1 )  ZS ( 1 ) XLtE ( 1 ) , Y L E  ( 1 1 , D 1 ( 1 1 ID2 ( 1 1 , 
1 SLUe'~(l),THAIL(l),XP(l),YP(l),NP(l) 

READ(XHEAD,510) F h C , S W E ~ ~ P l , S W E E P 2 , S W E E P , D I H E D 2 , D I ~ ~ ~  

WHITE ( i n l H I T , 2 )  
2 FOHMAT(1SHO SdEEP(1) ,15H SWEEP(2) ,15H FINAL SWEEP p 

1 1 S H  U l t i E U ( 1 )  ,15b DIHEn(2) , 1 5 H  FINAL OIHED 1 
WRITE (IdRlTp61Q) SWEEPl,S~EEP2,SWEEY,DI~~L)l,~IH~D~,DlHED 
SWEEP1 = S w E E P l / H A D  
SWEEP2 = SlwEEP2/RAD 
S*EliEJ = S*EEP/HAU 
D I r l E O l  = DIHEDl/HAL, 
D I H E D 2  = L t I H E D Z / H A D  
DIt44F3 = UIHEO/HAL)  
I S Y M O  = 1  
XTEO = 0. 
CHUHDO = 0. 
K = 1  

11 REAO(iREA0,500) 
R E A O ( I H E A U , 5 1 0 )  ZS(K),XL,YL,CHOHD,THICK,'I'HIST,F'SEC 
AL = TWLST 
ALPHA = AL/hAD 
IF (FSEC.EQ.O.1 GO TO 3 1  
READ (lHEAD,S00) 
READ (IHEAD,S10) YSYM,FNU,FNL 

NL = FNL 
NU = Fklr  
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12 READ (IREADp510) XP(I),YP(I) 
L = NL t 1  
IF (YSY4,GT.O.) GO TO 15 
READ (IREAD,SOU) 

X S I N G  

C H U H D  I 
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*DECK COUHL, 
SUBkUUTINF:  C O O H D  (~X,NY,NZ,XTEO,ZTIP,XMAX,ZMAX,ICLUST, 

1 SY , S C A L , S C A L Z , A X  , A Y  AZ , 
2 A O , A l , A 2 , A 3 , P O , B l , H 2 , ~ 3 , C 1 , C 2 r C 3 )  

C SETS UP STHETCtiED P A H A H O L l C  A N D  SFAlvWISE C O O R D I N A T E S  
D I M E N S  I. ON A 0 ( 1 ) , A 1 ( 1 ) , A 2 ( 1 ) , A 3 ( 1 ) BO ( 1 ) E! 1 [ 1 1 f32 ( 1 I €3 3 ( 1 I I 

1 C0(1),Cl(l),C2(1),C3~1~ 
PI = 3,141592b5358979 
DX = 2 * / N X  
DY = 1./kk 
DZ = 2,/r.rz 
DDX = 1./cJx 
DDXX = DDX$CDI)X 
DDY = l * / U Y  
UOZ = l./DZ 
K Y  = h l Y  + 1  
A X  = .5 
A i  = . s  
AZ = 0 5  
X X A X  = . 6 2 5  
Z M R X  = .625 
SY = 0 5  
SCAL = X T t 0 / ( . 5 V O O l * X M A X * X M A X )  

22 
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SCALZ = ZTIP/(l.O00001*ZMAX) 
w l  = SCAL/SCALZ 
U Z  = 1  
v 2  = ( b X * D D Y ) * * Z  
w2 3: (DX*Wl*UUZ)**2 
DO 12 1 = 2 , N X  
UD = ( 1  -l)*DX -1. 
8 = 1. 
IF (ABS(DD),GT.XNAX) GO TU 1 3  
DO = DD 
D 1  = 1. 
D2 = 0. 
GO Ti) a 

1 3  IF (DD.LT.O.) l3 = - 1 .  
A = l.-(UD-B*XMAX)**Z 
C = A * * A X  
D = (AX + A X  -l.)*tle - A )  
DO = t j * X f 4 A X + ( U U - B * X M A X ) / C  
Dl = A*C/(l.+U) 
D2 = - 2 . * A X * [ D D - B * X M A X ) * ( 3 . t ~ ) / ( ( 1 0 + ~ ) * A )  

Al(1) = .S*ol*DDX 
A Z ( I )  = D l * ; u l * U Z  

12  A 3 1 1 1  = . 5 * O X * O 2  

8 A O ( I )  = 00 

DO 22 J=2,KY 
DD = (J -2 )  *DY 
A = 1. -DD*:L)I) 
C = A S I A Y  
D = (AY + A Y  01*)*(10 - A )  
D1 = A * C ' / ( ( l .  + D ) * S Y )  
BOCJ) = SY*UU/C 
B l ( J )  = .5*Dl*DDY 
b2CJ) = Dl*Ul*V2 
IF(ICLUST.EQ.0) GO TO 30 
AH = .04Y 
RH = An/7 .  
Ch = 8.*Pl 
EH = t3.*Uh 

DD = (K -l)*DZ -1.  
B = 1. 
I F  ( A B S ( D D ) , G T . Z k A X )  GO TU 3 3  
IF(ICLUST.NE.0) GO TO 40 
DO = DD 
D 1  = 1. 
D2 = 0. 
GO TO 3 4  

IF(OU.CT..~ZS GO 'ro 45 
A = Ch*DL) 
€3 = UHSSIN(A1 
DO = UD - b  
D l  = lo/(I.- C I - ! * U H * C O S ( A ) )  

2 2  b3(J) = -AY*DD*UY*(3. +U)/((l. +D)*A) 

DH = P1/7. 

30 DO 32 K = 2 , r J Z  

40 DD = .B*(UD t Z M A X )  
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CALL SPLIF (l,N,XP,YP,ol,o2,o3,1,~l,l,T2,~,~o,~~~) 
CALL INTPL ( 1 1 , 1 2 , X , Y , t , N , X P , U P , U 1 , D 2 , 0 3 , 0 )  
x 1  = .25*XS(l,KK) 
A = S L i l P ' l ' ( K K ) * ( X S ( l , K K )  - X 1 )  
B = 1./(XS(l,KK) 0 x 1 )  
A N G L  = PI +PI 
U = 1. 
V = 0 .  
M = I1 -1  
DO 52 I=2,M 
xx = . S * S C A L * X ( I ) * * 2  
D = B * ( X X  - X 1 )  
Y Y  = YS(1,KK) + A * A L O G ( I ) ) / D  
R = SOWT(XX**2 + Y Y * * 2 )  
ANGL = ANGL +ATAN2((U*kY - V * X X ) , ( U * X X  +V*YY)) 
U = x x  
V = Y Y  
R = SQRT((H +R)/SCALl 

A = SLOPT(KK)*(XS(N,KK) - X 1 )  
B = lm/(XS(N,KK) - X 1 )  
ANGL = 0. 
u = 1. 
V = 0. 
M = 12 t1 
00 54  I z M , N X  
x x  = .S*SCAL*X(I)**2 
D = B * ( X X  -Xl) 
Y Y  = YS(N,KKl +A*ALOG(D)/D 
R = SUHT(XX**2 +YY**2) 
ANGL = AbGL + A T A N Z ( ( U * Y U  -V*XX),(U*XX +V*YY)) 
U = x x  
V = YY 
R = SURI((P. +H)/SCAL) 

Q = e/(o*cc) 
DO 6 2  I=2,NX 

5 2  Y(I) = H*SIM(.S*ANGL) 

5 4  Y ( I )  = KSSIN(.S*ANGL) 

6 2  SO(I,K) = SO(I,K) +o*Y(1) 
IF (KK.EO.K2) GO TO 7 1  
KK = K2 
P = R2 
GO TO 4 1  

71 DO 72 I=Il,I2 
7 2  IVCI,K) = 2 

M = I1 -1 
DO 74 I=2,M 
zz  = COCK) 
IF (ZZ.CE.CO(KTE1)) IV(I,K) = I V O  

H = I2 t1 
DO 76 I = Y , N X  
ZZ = C O ( K )  

7 4  CONTINUE 

I F  (ZZ.GE.CO(KTE1)) IV(ItK) = I V o  

K2 = K2 -1  
76 C O N T I l J U E  
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K = K t l  
IF (K.LE.KTE2) GO TO 2 1  
6 1  = 2  
KZ = NZ 

8 1  DO 8 2  I=Z,NX 
zz  = C O ( K )  
IF [ Z Z 0 L E . Z S ( N C ) . A N D . Z Z . G E . C O ( K T E 1 ) )  IV(1,K) = IVO 

K = k  + l  
I F  ( K . L E . K 2 )  GO I'O 8 1  
DO 1U2 K=Kl,K2 
DO 104 l = 2 , h X  

8 2  CONTINUE 

IF (LV(I,K).GT.O) GO TO 104 
IF (~J~I+1,K+1).GT.O.OH.IV~I=l,K+l).GT.O) IV(1,K) = I V 1  
1F (LV(I+1,K-1).GT.O.QR.lV(I~1,K-~).GT.O) IV(1,KI = I V 1  

1 0 4  CONTINUI!!  
102 IF (SO(LX,K).LP.l.E-OS) IV(LX,K) = 0 

DO 1 3  K=2,NZ 
DO 1 3  I=2,HX 
SI = SO(X+l,K) -SO(I-l,K) 
SK = SO(I,K+l) -SO(I,K-l) 
SX(I,K) = Al(II* SI 
SZ(J;rK) = Cl(K)* SK 
SXX(I,K) = (SO(I+1,K)-2.*S~(I,k)+SO(I-l,K)+A3(I)*SI~*A~~I~ 
SZZ(1,K) = ( S ~ ( I , K + 1 ) - 2 . * ~ O ( I , K ) + S O ( I , K - I ) + C 3 ( K ) * S K ) * C 2 ( K )  

1 3  S X Z ( I  , K )  = ( S O (  I+1, K+l)-SO (1-1 ,Ktl)-SO( 1+1 ,K-l)+SO( 1-1 ,K-l)) 
*Al(I)*Cl(K)*UX*DX 

R E T U R N  
END 

28 



*DECK X Y S I N G  

C FITS CIRCLE TO 3 POINTS IJEAR LEADING EDGE AND FIND THE CENTEH 
S U B H l I U T I N E  X Y S l R l G  (Xl,Yl,X2,Y2,X3,Y3,XSI~~,YSXNG) 

Y A  = (YZ + Yl)*,SEO 
X A  = ( X 2  + X l ) * , 5 l ? O  
Y B  = ( r 3  + Yi)*,szo 
X B  = ( X 3  + X1)*.5EO 
S L 1  = - ( X 2  - X 1 )  / ( Y 2  = Y 1 1  
S L 2  = - ( X 3  - X 1 )  / (Y3 - Y 1 )  
X S L t J G 2  = (SL1 * X A  0 SL2 * XB + YB - Y A )  / ( S L l  0 S L Z )  
X S I N G  = ( X S I h G 2  + Xl)*.SEO 
YSIlJGZ = S L 1  * ( X S I N G 2  - X A )  + Y A  
YSIhG = ( Y S I N G 2  t Yl)*.SEO 
RETURN 
END 

*DECK SPLIF 

C S P L I N E  FIT - JAHESUN 

C IND SET TO ZERO I F  D A T A  I L L E G A L  

I SUBROUTINE SPLIF(#,N,S,F,FP,kPP,FPPP,KM,VM,KN,VN,MO~E,FQM,INI~) 

' c  I N T U G H A L  P L A C E D  IN FPPP I F  MODE G R E A T E R  T H A N  0 

D I M E N S I O N  S(l),F(1),FP(l),F'PY(ll,FPPP(l) 
I N D  = o  
K = IABS(N - M I  
IF ( K  -1)  8 1 , 8 1 , 1  

I = M  
J = M  + K  
DS = S(J) - S ( I )  
D = u s  
I F  ( O S )  1 1 , 8 1 , 1 1  

1 K  = (lu - M ) / K  

11 DF = IF(J) =F(I))/DS 
I F  (KM - 2 )  1 2 , 1 3 , 1 4  

V = 3,*(DF'  -VM)/DS 
GO TU 25 

V = V M  
GO TO 2 5  

V = -DStVM 
GO TO 25  

J = d t K  
os = S ( J )  - S ( I )  

12  u = .5  

1 3  U = 0. 

14 U = -1. 

2 1  I = J  

I F  ( D * U S )  8 1 , 8 1 , 2 3  
23 DF = (F(J) = F ( ; X ) ) / D S  

B = l * / ( D S  + u s  +U) 
U = H*DS 
V = b*(6.*DF -VI 
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25 

3 1  
32 

3 3  

3 4  
35 

4 1  

5 1  

6 1  

7 1  

8 1  

*DECK INTPL 

C INTERPULA'I' IUR USIhG TAYbJOH SLH1E.S - JAMESON 
C ADOS CUHHECTIOh FOR P l E C E w I S E  C O K S T A N T  FOURTH DERIVIATIVE 
C IF MCIDE (;HEATER THAN 0 

S U 6 H U U C I N E  INTPL(MI,NX,SI,FI,M,~,S,F,~P,FPP,FPeP,YO~~) 

D I Y E N S I d N  

K = (Fi - I Y ) / K  

MIh = F1 1 

SI ( 1  1, F'I (1 )  ,S( 1 ) , € (  1 ) , F P (  1)  , c ' P P (  1 I , F P w  1 
K = I A B S ( N  O M )  

I = M  
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NIN = NI 
D = S ( N )  -S(M) 
IF (D*(SI(NI) -SI(nI>)) i 1 , 1 3 , 1 3  

1 1  M I N  = MI 
NIN = M I  

13 KI = I A t l S ( N 1 l u  - M I N I  
16 (KI) 21,21,15 

15 KI = ( P I I N  -MIN)/KI 
21 I1 = M I N  -KX 

C = 0. 
IF (MODE) 31t31r23 

23 C = 1. 
31 I1 = 11 +KI 

3 3  I = I +K 
ss = SI(I1) 
IF (I O N )  35,37,3S 

35 IF (I)*(SCI) -SS)) 33?33,37 
37 J = I  

I = I -K 
ss ss - S ( l )  
FPPPP = Ct(FPPP(J1 -FPPY(I))/(S(J) -S(I)) 
FF = FPPPCI) +.25*SS*YYPYP 
FF = FPPCI) +SS*FF/3. 
FF = FP(1) +.5*SS*FF 
FI(I1) = F(1) tSS*ct.'F' 
IF (11 -MINI 31,41,31 

41 R E T U R N  
EN0 

*DECK CPLUT 

C PLCITS CP AT EQUAL INTERVALS 1 N  THL YAPPED PLAhE 
SUdHOUTIlVE CPLOT (11,12,FMACH,X,r,su,SV?Sh,S~?CP) 

R I M E N S I O N  K C D E ( ~ ) , L I N E ( 7 S ) , X ( l ) , Y ( l ) ~ S ~ ( l ) ~ S ~ ( ~ ) ~ s W ( ~ ) ~  . SM(l)?CP(l) 
DATA KODE/1I- l  ,1H+,IH*:/ 
IURIT = 6  
WRITE (IWRIT,2) 

2 FORHAT(50HUPLOT OF' CP AT EQUAL IhIEHVALS IN THE MAPPED PLANE/ 
1 8HO X ,8H Y p 8 H  su ? 

2 dH sv ,8H sw , 8 H  SY e8H CP ) 
FHACH2 = FMACHfFMACW 
A A O  = (l.+.%*FMACHZ) 
CPO = ( A A O f 1 3 . 5  -1,)/(.7*FkACH2) 

CPC = (AACS*3.5 -1.)/(,7*FMACH2) 
DR 12 I=1,75 

AAC = (1*+.2*FMACHZ)/1*2 

12 L I r U E ( 1 )  = KQDE(1) 
DO 22 I=I1,12 
KC = 2O.*(CPO -CPC) +20. 
KC = H A X O ( 1 , K C )  
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kC 
K K  
K K  
K K  
LINE(KC1 
L I N E ( K ( K 1  
W H L ' P E ( I 4 R  

LINE(KC1 
2 2  L I N E ( K K )  

Rk:TURk 
610 FUKIYA'C(1H 

E N i l  

. k 

*DECK FCIHCF 

C CALCULA'f'CS SECT ION FURCE COF.FFIC1ENTS 
SULlkOUl'INE FOHCF' (~1,12,X,Y,CY,AL,CHOHD,XM,CL,CL,CD,CM) 

DIPIEIUSI;I'J X(l),Y(I),CP(l) 
HAU = 57.2957795130823 
ALPHA = A L / H A D  
C I 4  = 0. 
CD = 0. 
CM = 0. 
N = 12 -1 
DCI 12 I=il,N 
L)X = (X(I+l) -X(I))/CWnkD 
DY = (Y[1+1) -Y(l))/CHOHC 
X A  = (.5*(A(I+l) + X ( I ) )  -XM)/CHOHD 
Y A  = .S*(Y(I+l) +Y(I))/CdOHU 
CPA = . 5 * ( U P ( l + l )  +CP(I)) 
DCL = -CPA$IJ): 
DCD = CPAIOY 
CL = CL +DCL 
CL, = CU + D C D  

12 C M  = CM +UCD*YA - D C L * X A  
DCL = CL*COS(ALPHA) -CO*SlN(ALPHA) 
cn = CL*SlN(ALPHA) +CD*CCiS(ALPHA) 
CL = UCL 
H ET U H i\r 

ii N L) 

CHCIHU SCL, SCI) ,SCM ,CO I XC,  
1 CL,CD,CMP,CRH,C~Y) 

C C A LC U L A  Tl+:S T 0 1 A L t;'U HC ii CO I.; t'l' I C I E 1\1 TS 
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DIMENSION C H O H D ( l ~ , S C L ( 1 ) , S C D ~ l ) ~ S C ~ ~ l ~ , C ~ ( l ~ ~ X C ~ l ~  
SPAN = CO(kTK2) - C O ( K I ' E l I  
CL = 0. 
CD = 0, 
CMP = 0. 
CMH = 0. 
CMY 3 0. 
S = 0. 
N = KTE2 -1  
DO 12 K = K l i E l , F :  
DZ = .5*(CO(K+l) -CO(K)) 
AZ = .S*(CO(K+l) + C O ( h ) )  
CL E CL +DZ*(SCL(K+l)*CHOkU(Ktl) +SCL(K)*CHORD(K)) 
CD = C U  +UZ*(SCD(K+l)*CHURD(Ktl) +SCD(K)*CHOHD(K)) 
CMP z CMP tDZ*(CHoHD(Ktl)*(SCM(K+l)*C~~~~(K+l) 

-SCL(k+l)*XC(k+l)) 1 
2 +CHUHo(K)*(SC~(K)*CHoHD(K) 
3 -SCL(K)*XC(K))) 
C M R  = CMR + A Z * D Z * ( S C t ( K + l ) * C H U H D ( K + 1 )  +SCL(K)*CHORD(K)) 
CMY = CMY + A Z * P Z * ( S C D ( K + l ) * C H ~ R ~ ( ~ + ~ )  +SCD(K)*CHOHU(K)) 

CL = CL/S 
CD = CD/S 
CMP = CMY*SPAN/S**2 
CWR = (CMR +ChR)/(S*SPAK) 
CM X = (CMY t C M Y ) / ( S * S P A k )  
R E T U R N  
END 

12 s = S +UZ*(CnOPU(K+l) +CHORD(K)) 

*DECK PSUHE 
SUt3HOUTINE P S U H E ( l P L O T , K , X , Y , C P , X I , I Z I C L , C D , C M )  

C GEHERATES PLOT FOR PRESSURE DISTRIBUTION UVER BLADE SECTION 
C AT EQUAL IhTERVALS IN THE MAPPEG PLANE 
*CALL BLANK 

D I M E N S I O N  R(100),U1(150~,~2(1SO~,D3~150~ 

IF (XPLOT) 1,11,101 

CALL BGNPL(-l) 
IPLUT = O  

CALL TITLE(1H ,O,lH ,0,1H ,O,k.,lO.5) 
CALL GHAPt4(0.,l.,0.rl.I 
zso = (CO(K) +HI~GE)/(CO(KTLZ)+HINCE) 
2s = COCK) + hIMGE 
VRUT = OMEGA*ZS 
V T A N  = VPGT t F M f i C H * S ~ N ( P S I ) * C O S ( A L P H A )  
SMACHCK) = VTAN 
T1 = l./(.7*SMACH(k)**Z) 
PSI0 = PSISHAD 

DIi4ENSION X(l),Y(l),CP(l) 

1 CALL VEHSA(20)  

1 1  CALL PHYSOR(O.,O.) 
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C 

C 

i 

4 

15 

16 

1 7  

2 2  

2 4  

25  

5 0  

32 

3 4  

ENCODk(45,4,R) PSID,FMACH,TMACH 
FOHMAT(bHPS1 =,F7,1,3X,6HFMACH=,F7.4,3X,6HTMACH=,F7.41 
CALL MESSAG(H, 45,1oS,l ) 
E ~ C O D ~ L ( B S , ~ ~ , H )  ZSO,SMFCH(K),TILT 
FOHMAT(6HZS =,F7,4,3X,6HS~ACH=,F704,3X,~~AL =,F7.4) 
CALL MESSAG(H,45,1.5,0.75) 
ENCOUE(45 ,16 ,R)  CL,CU,CM 
FORMAT(6t3Cb =,F7.4,3X,6HCD =pF704,3X,6HCM =,F704) 
CALL 14ESSAG(H,45,1oSpo5) 
ENCdUE(2,17,H) 
FURMAT(2HCP)  
CALL MESSAG(K,2,1*4,5.25) 
DHAN AIHFOIL 
X M A X  = X(I1) 
X M I i J  = X ( l 1 )  
DO 22 I =I1,12 
X M A X  = AMAXl(X(I1,XMAX) 
XMIN = AMINl(X(I),X#IN) 
SCALE = h . / ( X K A X  - X M l N )  
xon = 2. 
Y OR = 2. 
N = IZ-Il+l 
DO 24 J=l,M 
D l  (J) = SCAtE*(X(J+Il-l)-X~IN) + X O R  
DZ(J) = SCAbE*Y(J+Il-l) +YOH 
CALL C U R  V ( D 1, U 2  , N 0 1 
CPdAX = 0, 
IMAX = I1 
00 2 5  I= I1,12 
ABSCP = CP(1) 
IF(AbSCP.LL.CPKAX) GO TO 23 
CPMAX = AhSCD 
IMAX = I  
CON T L  NUE 
Y O k  = Y O H  + 3. 
CPC IS CRITICAL PRESSURE COEFYICILNT 
AAC = (1.+.2*SHACH(K)**2)/lOZ 
CPC = ( A A C * * 3 . ! 5  - 1. )*T1 
IF(At3S(CPCI.GT.1.2) GO TU 50 
CPCM = YGH-2.S*CPC 
CALL STHTPT(2.,CPCY) 
CALL CUNNPT(3.,CPCf4) 
N l M A X  -11 + I  
DO 32 J=l,N 
D3(J) = T) l (J )  
02(J) =: YOR -2.S*CP(J+I1-1) 
CALL MAHKEh(4) 

N = 12 I M A X  + 1 

D 3 ( J )  = Dl (J+IMAX-II 1 
02(J) = YUh-2.5*CP(J+IMAX-l) 

CAbL CIJHVE(D3 ,D2, N, 0) 

DO 34 J =  1,It 

CALL YAHKEH(3) 
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CALL CURVE(D3,OZ,N,O) 
CALL ENOGH(0) 

C DRAW CP AXIS 
CALL OHEL(2.,2e) 
CALL TITLE(1H ,0,1H ,O,lH ,1,6.,6.) 

CALL GRAPHC0+,1*rleZp~e4) 
CALL YAXANG(O.1 

CALL ENDPL(0) 

END 
101 RETURN * 
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X D ( J )  = SCALXX*X(I) + X O R  = Y X  

N = 12 - L X  +1 
CALL CUHVE(XD,CPD,i 'J ,Ol  

8 CPU(J1 = SCALPF*CY(I) +SY 

6 CCJNTINgE 
CALL dESSAG(4YHUPPER SURFACE PRESSURE LOWER SURFACE PRESSURE, 

49 ,1 .5 ,1 .5 )  
CALL 
ENCOOE(45p3,H) FfiACH,TMAOH,TILT 

M E SS AG ( T Y 3'1, E-, 1 0 0 e l  , I ) 

3 FOHMAr(h~FkACH=,F7.4,3X,6HTMAC~=,~7.4,3X,6HALPHA=,~7.4) 
CALL dESS4G(R,45,1.,0.75) 
CALL rUTFOHLKTEl,KTE2,CHO~D,SCD,SCM,CO,XC, 

CU = CD1 
P S l l )  = P S I S H A D  

1 C L , C D l , C M k ' , C + l k , C M Y )  

ENCODE(45,4,H) YSID,CL,CU 
4 YOHMAT(6HPSI =, F7 0 1 3X,  6tlCL =, F7 4 3 X  ,bHCD =, F7. 4) 

CALL MESSAG(H,45,1.,0.5) 
CALL E N D P L ( 0 )  

END 
101 HETUHZ4 
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XSHAX(K) = SCALZZ*(XMAX - X S T A T )  
XSNIN(K) = S C A L Z Z * ( X M I N  -XSTAT)  
2s = C O ( l i 1  -CO(KTEl) 
ZSTAT(K1 = SCALZZ*ZS 

DO & K=KTEl,KTE2 
K K  =: K-KTLl+l 
Dl(Kl0 = 2.+XSkAX(K) 
D2(KK) = 2.+XSMIN(K) 

8 D3(K10 = 2.+ZSTAT(K) 
N = KTEZ-KTEl+l 
CALL CUKVE(Dl,U3,N,O) 
CALL CUKVE(D2,DS,k,O) 

6 CONTINUE 

C D R A W  AIRFOIL 
DO 21 KK=KTEl,KTEZ 

I1 = ITElCKK) 
I2 = ITE2(KK) 
CALL V E L O ( K K , S U , S V , S W , s M , C P , X , Y )  
N = 12-11+1 
DO 24 J=l,N 
D4(J) = SCALZZ*IX(J+ll-l)-XSTAT) +2.  

K = K K - K I E l  +1 

24 D5(J) = SCALZZ*Y(JtIl-1) +L3(K) 

21 CONTINUE 
CALL CURVE(D4,D5,k,O) 

CALL ENDPL(0) 

END 
101 RETURN 

*DECK VEL0 
SUBHOUTXNE VELD(K,SU,SV,SW,SM,CP,X,Y) 

C CALCULATES SURFACE v E L a c w  
C ce SCALED BY F A R  FIELD SOUND SPLLD 
*CALL BLANK 
*CALL A 

DIMENSION S U ( l ) , S V ( l ) , S W ( l ) r S ~ ( 1 ) I C P o r X ( ~ ) , Y ( l )  
A A O  = 1. 
I1 = ITEl(K1 
I2 = ITE2CK) 
zs = COCK) + I f I N G E  
V R O T  = OMKGASZS 
VTAN = V R O T  +FYACH*SIN(PSI)*COS(ALPHA) 
SMACH(K) = V T A N  
T1 = 1. / ( .7 SSMACH (K 1 ** 2 1 
DO 12 T=I1,12 
x 1  = AO(1) 
Y 1  = SO(I,K) 
X l X l  = X l * X l  
r i r i  = Y 1  *Yl 
HH = X l X l  + YlYl 
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B H H  = I,/ HH 
X B  = .S*(XlXl - Y l Y l )  
i n  = X l * Y l  
xs = X C ( K )  +XB*SCAL, 
X l X R  = X 1  *DHH 
x i m  = Y l *  BI-IH 
XlZd = - X Z ( K )  * X l X H  - Y Z ( r O  *XlYB 
Y l d 6  = X Z C K )  *XlYB - Y Z ( K )  * X l X R  
YXij = - ( X 1 Y R  +XlXB*SX(I,K)) 
r y B  = X l X l 5  -XlYHSSX(I,k) 

GI = G C 1 + 1 , 2 , K )  -G(I-l,2,K) 

GK = G(I,2,K+1) -G(I,2,k-l) 
G X  = Al(l)*CT 
GY = H1(2)*GJ 
GZ = Cl(K)*GK 
U = (GX*XlXH+GY*YXB)/sCAL 
V = (GX*XIYB+GY*YYB)/SCAL 
W = ( G X * X l Z B + G Y * Y Z R + G Z ) / S C A L  
30 = u*u+ V I V  + w * w  
UF = OMEGA*ZS +CAC 
VF = SA 
W r' = - ( O M E G A * X S  +CAS) 
TERMS = USUF tV*VF +W*bF 
F I T  = TERMS 
A A  = DIW(AAO,.Z*UQ+.4*FIT) 
08 = u + U F  
VB = v +VP 
WB = hl + N F  
U 1J b = UH*UU 
VVd = VH*VB 
k W 6  = M1H*wd 
Q Q K  = UUH +VVD +NUB 
S U ( 1 )  = bB 
SV(I) = VH 
SW(1) = ut3 
SM(I) = S Q K T ( O U H / A A )  

X ( I )  = x s  

RETURN 
END 

Y ZB Y1%B -XIZH*SX(l,K) -SZ(I,K) 

GJ = 2 0 * (G ( I I .3 ,  K 1-G (I 2 ,  k) ) 

CP(1) = (~~**3.s-i.)*ri 

12 Y ( 1 )  = YC(K) +SCAL*Yt3 

*DECK ESTIM 

C 1NlTIALIZArIUh F O R  STEADY CALCULATION 
*CALL B L A N K  
*CALL A 

S U B H O U T I  NE EST1 M 

LX = NX/2 +1 
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I 
O X  = 2./FLUAT(NX) 

W A F Y  = B2(2)*OSUH 
vJAl'X = A 2 ( L X ) S D S U M  
A A O  = 1, 
MX = N X  + 1  
M Y  = NY + 2  
MZ = NZ + I  
DO 1 7  J= 1,MY 
DO 17 K =  1,MZ 

DSUM = l . / ( A Z ( L X )  +B2(2)1 

DO 17 I =  l , M X  
G(I,J,K) = 0, 

17. CONTINUE 
C S U H F AC E CON 0 I T 1 0 N 

DO 23 K=2,NZ 
IF(XTEZ(K),EQ.MX) GO TO 23 
zs = CO(K) +HINGE 
1 x 1  = ITEI(K1 
1 x 2  = ITE2cn) 
DO 22 I=IXl,IXZ 
x i  = A O ( 1 )  
Y l  = SO(1,K) 
X l X l  = x i  *Xl 
Y l Y l  = Y l  * Y l  
HH = X l X l  + Y l Y l  
DHH = l , / H t i  
X O  = .S*(XlXl -YlY1) 
xs = X C C K )  + X B * S C A L  
X l X d  = X l  * D H H  
X l Y B  = Y 1  *DHH 
X l Z d  = - X Z ( K )  * X l X B  -YZ(K) *XlYL, 
Y l Z d  = X Z ( h )  S X l Y H  -YZ(K) S X l X B  
GI = G ( 1 + 1 , 2 , K )  -G(I-l,2,K) 
GK = G ( I , ; Z I K + l )  -G(I,2,Ko1) 

~ 

I GX = Al(I)*GI 
GZ = Cl(K)*GK 
UF = OMEGASZS + C A C  
VF = SA 
WF = - ( U N t G A * X S  +CAS) 
Y X 8  = - ( X l Y b  +XlXB*SX(I,K)) 
Y Y d  = X l X d  -X1Yk5*SX(I,K) 

X l Y S  = X l X B * Y X H  + X l Y H * Y Y B  +XlZ1) *YZt3  
Y Y S  = Y X k j * Y X B  +YYH*YYR +YZB*YZt3  
RHS (UF*YXH + V F * Y Y B  +kF*YZB)*SCAL 
G(X,I,K) = G(I,3,K) + ( R H S  + X l Y S * G X  +YZi3*GZ)/(YYS*81(2)) 

, 

I YZi3 = Y 1 Z b  -XlZB*SX(I,KI -SZ(I,K) 

2 2  CONTINUE 
23 CDNTIYUE 

RETUkM 
EN0 
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*DECK REFIN 

*CALL B L A N K  
SUdHdUTINE L i E F l N  

*CALL A 
LX = h X / 2  +1  
A A O  = 1. 
DSUM = l./(A2(LX) tt52(2)) 
W A T Y  = 82(2)*OSUM 

DX = 'L,/rux 
M X  = N X  + 1  
M Y  s M Y  + 2  
MZ = rLz t 1  
H X O  = M X / 2  +i 
M Y 0  = N Y / 2  + 2  
M Z O  = hZ/2 + 1  
Dlt 1 YK=l,MZO 
K = M Z O  + 1  - M K  
K K  = (h-1)*2 t1 
DL1 1 M J = 2 , M Y O  
J = M Y 0  +2 -%J 
JJ = (J-2)*2 + 2  
D O  1 ,YX=l,MXO 
I = blXO +1  - H I  
11 = (I-1)*2 t1 

1 G ( I 1 , J J , K K 1 = G ( 1 , J , K 1 
DO 2 K=1,YZ,2 
DO 3 J=%,YY,2 

WATX = AZ(LX)*OSUM 

DO 3 I=2,MX,2 
3 G(I,J,K) = .S*(G(I+l,J,h) 

DO 4 L=l,+IX 
00 4 J=3,M'1,2 

4 G(I,J,K) = 0 5 * ( G ( I , & + l , t O  
2 C u N T I r i u E  

DO 5 K=L,YZ,2 

D(3 5 1=1,yx 
DO 5 J=2,MY 

5 G(I,J,K) = .5*(G(I,J,K+l) 
DU b h=2,t3Z 
1 x 1  = ITEl(K) 
1 x 2  = 1TE2(K) 
IF(IX2.EO.MX) GO TO 7 
ZS = C O ( K )  +HINGE 

DU 10 I=IXi,Ix2 
x 1  = A O ( 1 )  
Y l  = SO(1,K) 
X l X l  = x 1  *x1 
YlYl = Y 1  * X l  
HH = X l X l  +YlYl 
D h H  = 1. /HH 

C W I O l t i  Ci)NI)I'I ' lON 

XH = .5*(XlXl - Y l Y l )  
xs = X C ( K )  +XB*SCAL 
XlXE) = X l  *Df1H 
x i w  = Y I  *DL>HH 
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JG = o  
KG = o  
NS = o  
C(1) = 0. 
D(1) = 0. 
DO 7 0  K=l,MZ 
DO 70 J = l , M Y  
DO 70 I=lpiYX 
GM(I,J,K) = G ( I , J , K )  

70 CONTINUE 
3 0 3  DO 1 0 3  K = 2 , N Z  

ZS = CO(K) +HINGE 

3 = NY 
13 = N X  

C F O R  FIXED k I N G  FLU8 J = N Y + 1  

31 BC = T1*81(J)*Cl(K) 
C INTEHIOH 

403 DC1 400 1= 2113 
A B ( 1 )  = TlLAl(1) *B1(J) 
A C ( 1 )  = Tl*Al(I) * C l ( K )  
x 1  = A 0 ( 1 )  
Y 1  = HO(J) +SO(I,K) 
XlXl = x 1  * x l  
Y l Y l  y i  4 ~ 1  
HH(I) = X l X l  +YlY1 
DHd = 1. /Hh(I) 
X B  = .5*(XlXl - Y l Y l )  
xs = X C ( K )  +XB*SCAL 
XlXB = X 1  4UHH 
XlYt3 = Y 1  *UHH 
XlZt3(I)  = =XZ(K) * X l X d  -YZ(K) * X l Y B  
Y1ZB = X Z ( K )  *XlYB -YZ(K) *XlXB 

Y Y d  = X l X H  -XIYH*SX(I,K) 

GI(1) = C(I+l,J,K) -GCI=l,J,K) 

YXU = 0 C X l ’ i B  + X l X H * S X ( I , K ) )  

YZH(1) = YlZP -XlZB(I)*SX(I,K) -SZ(I,K) 

GJ(I) = G(l,Jtl,K) gG(I,Jol,K) 
GK(1) = G(I,J,K+l) -G(IpJ,hol) 
GX = Al(I)*GI(I) 
CY = bl(J)*CJ(I) 
G Z  = Cl(K)*GK(I) 

V = (GX*XlYHtGY*YYb)/SCAL 
W = (GX*Xlz~CI)+~Y*Yz~(I)+GZ)/SCAL 
00 = u*u + v * v  +k*W 
UF = OhEGA*ZS +CAC 
VF = SA 
WF = - ( l ) k t : G I \ * X S  +CAS) 
TERMS = U*UF +V*VF +k*CkF 
F I T  = TERMS 
A A ( 1 )  = L I I M C A A O ,  .2*00+.4*FIT) 
UR = U +UF 
VB = V +VF‘ 
WB = k +kF 
U IJ t3 = UH*UB 

0 = (GX*XIXB+GY*YXB)/SCAL 
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V V B  
WWB 
UVB 
U'rlf3 
VWH 
UH(1) 
VR(I) 
WR(1) 
U U K ( 1 )  
VVH(I) 
W W R ( 1 )  
UVR(I) 
UkR(J.1 
VWH(I1 
GQK(I) 
XXlS(1) 
x l u s ( r )  
YYS(1) 
XlXHXB 
XlXdYd 
BCHI 
BPSI 
BLAlvlIlA 
BSlGMA 
FA 
Fti 
FC 
FD 
FE 
FF 
F A A  
FBlj  
FCC 
€OD 
FEE 
R L  

1 
2 

1 
2 
2 
3 
4 
5 

400  H(1) 

R M  

R N  

= x i x w w x R  +xiYe*:ym +xizB(I)*yzwI) 
= YXbSfXH + Y Y R * Y Y B  +YZb(l)*YZR(I) 
= -Xl*(HH(I) -4,*YlYi)*i~HH**3 
= Yl*(HH(I) -4.*XIXl)*DHH**3 
= XZ(K)PXlXbXb +YZ(k)*XlXHY8 
= XZ(K)*XlXHYE -Y%(K)*XlXBXB 
= SX(I,K)*XlXbXR +Xl)iBYH 
= SX(1,K)fXlXhYb -XlXhXb 

= YZ(k)+BCHX -XZ(K)*bPSI 
= XZ(K)*ULARDA +YZ(K)*BSIGkA 
= XZ(K)*RSIGRA -YZ(k)*RLAMDA 
= XZZ(k)*X1XB +YZZ(k~*XlYH 
= XZZ(K)*YXb tYZZ(K)*YYH 
= FA-FE*SCAL 
= OMEGA*(CAS-UFJ*SCAL 
= O M E G A *  (CAC+UF ) S S C A L  
= FB-YA*SX(I ,K) 
= FDD-FF*SCAL 
= T l * ( = F A A * ( W W H - A A ( I ) )  -XlXRXB*(UIJY-VVB 

+ Z , * ( H C H I * U C t 3  -XlXHYE5*UVB +HPSI*UWB) 
+FBL)*XlXU +FCC*XlZE(I)) 

= XZ(K)*CRCHI +YZ(K)*RPSl 

= T1*(-FFE*(kkd-AA(l)) 
+BLA~OA*(UUH-VVR)+Z.*(UV~*~SIGMAIUnBrFC-V~~*FR) 

-AA(I)*(XXlS(I)*SXX(l,K) +SZZ(I,K) 
+C'UB* IXR +FCC*YZB(I)) 

+2,*XlZH(I)*SXZ(l,k)) 
+OOH(I)*SXX(I,K) +kWB*SZZ(I,K) 
+2.*OH(I)*wa*SXZ(I,K) 

= Tl*FCC 
= HLSGX + R M * G Y  + R N * G I .  

4 3  
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AXZ = 8 .  *SlGNX *SXGkZ * A C ( I )  *UWR(I) 
A Y Z  = 8.  * S I G N Y  * S I G N 2  tBC *vWR(i) 
GSS = AXX*GIX(I)+AYY$GJJ(I)+AZZ*~~K(I) 

0 +AXY*GIJ(I)+AXZ*GIh(I)tAYZ*GJK(I) 
A O  = AA(1) / W P ( 1 )  
YI = (Au-l.)*GSS +AO*DELTk + R ( I )  
B = . S * ( A U  - l . ) * ( A X X  +AXX t A X Y  + A X 2 1  
CI = A O * B X X  -(le -SIGMX) *E3 
HI = A Q I b X X  - (1 .  + S I G N X )  * B  
A I  = -AU * ( B X X  +BXX +U2*CBYY +BZZ)) 

+ ( A Q - l . )  * ( 2 .  * ( A X X  t A Y Y  +AZZ) + A X Y  +AYZ + A X Z )  
10 RES = ABS(Yf1 

IF(HES.LE.FH) GO TO 14 
FR = RES 
IR = I  
JR = J  
K H  = K  

1 4  IF(SIGNX.GT.O.)GO ro i s  
A I  = A I  + A X "  
CI = CX - A X T  

15  AI = AI - A X T  
GO To ici 

81 = ti1 + A X T  

AI = A I  +AY'I 
GO TU 1 8  

1 7  A I  = A I  9AYT 

16 TF(SIGNY.GT.O.)GO TO 17 

18 Y I  = YI +AYT*SIGNY*(G(I,JM,K)mGM(I,J~,K)) 
IFCSIGNZ.GT.O.)GCI T O  19 
A I  = A I  tAZT 
GO TO 20 

19 A I  = AI -AZT 
20  YI = YI + A Z T * S l G t i Z *  (G(1 ,d,KM)-CM(I, J,KM) 1 

A l . / (AI - i31*C(I ' l ) )  
C(1) = CI*A 

CG = 0 .  
I = 1 3  
DO 42  4=2,13 
CG = D ( I )  -C(I)*CG 
CORG = ABSCCG) 
IF (CORG.LE.GD) GO TO 4 3  
G D  = COKG 
IG = I  
JG = J  
KG = K  

43 C C I , J , K )  = G(I,J,Kl-CG 
42 I = I 91 

J = J -1 

8 D ( 1 )  = ( Y 1 -M I * I) ( I - 1 1 1 * A  

IF(3-2) 6 1 , 5 1 1 3 1  
5 1  IF (ITEZ(K).EQ.MX) 1 3  = LX -1 

6 1  lF(ITEZ(K).EQ.WX) GO Ti) 113 
GO TU 31 
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1x1 = ITWlIK) 
1 x 2  = 1 T E 2 ( I O  
IXlM = 1x1 -1 
IXLP = 1 x 2  +1  
E = G(IX2,2,K) -G(XX1,2,KI 
00 100 I= 2,XXlM 
M = Pix + 2  -I 

100 G ( I C , I , K )  = G ( M , 3 , f o  - E  
DU 62 I=IXl,IXZ 
X1 = A O ( 1 )  
Y 1  = SO(1,n;) 
XlXl = x 1  * A 1  
YlYl = ~i 4 ~ 1  
HHS = XlXl +YlYl 
DHH = 1. /hHS 
XB = .5*(XlX1 - Y l Y l )  
XS = X C ( K )  tXB*SCAL 
XlXt3 = X1 *DHH 
XlYd = Y1 SDMH 
XIZBS = -XZ(li) *XlXB - Y Z ( K )  *XlYB 
YlZd = XZ(K) *XlYB -YZ(kl *XlXb 

CKS = G(l,2,K+ll -G(I,Z,K-l) 
GX = Al(l)*GIS 
GZ = Cl(K)*GKS 
UF = ObiLGASZS tCAC 
VF = SA 
k F  = -(OMEGA*XS + C A S )  

GIs = G(ltlp2,K) -G(l-l,2,KI 

YX8 = - ( X l Y B  +XlXM*SX(I,P)) 
Y Y t ,  = X l X H  oXlYH*SX(l,K) 
YZt3S = Yl%U -XlZHS*SX(I,K) -SZ(I,K) 
xirss = XlXH*YXR +XlYb*YYB +XlZHS*YZBS 
YYSS = YXL~*YXH +YYb*YYU +YZHS*YZBS 
RHS = (UF*YXH + V P * Y Y B  +dF*YZBSI*SCAL 

DO 102 I= IX2P,NX 
M = NX t2 -1 

102 G(I,l,K) = G(M,3,K) +E 
GO ‘10 103 

DO 114 I =  2,NX 
M = N X + %  - I  

I 3  = LX -1 
DO 115 I= 2,13 
M = NX+2 - I  

6 2  G(I,l,K) = G(I,3,K)\ +(HHS tXlYSS*GX +YZ~S*GZ)/(YYSS*B1(2)) 

113 G(LX,2,&) = G ( L X , ~ , K ) * W A T Y + G I L X - l , ~ , K l * W A ’ r X  

114 G(I,l,K) = G ( M r 3 , K )  

115 G ( M , Z , K I  = G ( I p 2 , K )  
103 C O k ’ l I N U E  

RET U H ir 
EN0 
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APPENDIX D 

LISTING OF SAMPLE DATA 

ROTOR BLADES 
FNX FNY FhlZ 
32. 4,  60 

100. ~ , o 0 ~ 0 0 5  1.75 1.0 1.0 0 .1  2.  
100. 0 .000005 1.75 1.0 1.0 0 . 1  1. 
100. 0.000005 1.35 1.0 1 . 0 0.1  0. 
FSPEED PSI ALPHA TlPWR A A D I I I S  41nf 
80. 9 0 ,  0 0 300, 15. 334.143 
CREr XREP FRLADE F C L 11 S T CDO 
a 1 2 3  eo3075 1. 0 .  0. 
KPLOTS 

FNC SWEEP1 SWEEP2 SWEEP P I Y F D l  D J H F D 2  DIHED 
15. 0 . 0  0.0 0.0 0. 0. 0. 
ZStK) XL Y L  CHPPD THICU TWXST NEWSFC 
1.00 m.25 0.C 1. 1. 0 CI 1.0 
Y S Y M  F’VU F rJ r, 
1. 650 6 5 .  
X Y IlPPEH SIJPFACF. (VhCA 00121  

0~000000 0.0000on 
eOO0250 . 0 0 2 7 9 8  

eOO0750 . 0 0 4 8 2 2  
.001000 .Or)5557 
.001250 . 0 0 5 2 @ 3  
,001750 . 0 0 7 3 6 9  
. o o w o o  .009s2a 
.003750 .010623  
.004250 .011288 
,005750 ,013066 
.006250 . 0 1 3 6 0 3  
.007000 . 014365  
.Q0825Q .015542 
. 009000  ,016202 
.009750 . 0 1 6 8 3 3  
.011000 .017927  
.011750 .618393 
,012250 .018759 

I FIT COVO PlO e20 P30 EETA9 FHALF 
I 

010101  

.0005oa .00394s 

0022500 0024915 
oO30000 o 0 2 5 4 0 1  
0037500 0 0 3 1 3 7 4  
. 0 5 0 0 0 0  . 0 3 S S A 7  
m057500 0 0 3 7 7 0 4  
oO62500 0039027 
. 0 7 2 5 0 0  0041439  
.077500 e 9 4 2 5 4 3  
e082500 .043567  
oO92500 .045512 
o097509 .046400 
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. 1 ~ 0 0 0 0  
150000 

.170000 
* 190000 
.230000 
.250000 
. 2 7 0 0 0 0  . 3 10000 
.330000 
.350000 
.390000 
4 1 0 0 0 0 
.430000 
. 470000  
* n 9 0 0 0 0  
.510000 
.550000  
. 5 7 0 0 0 0  
. 5 9 0 0 0 0  
.630000 
. 6 5 0 0 0 0  
.670000 
07 10000 
.730000  
.750000  . 7 9 0 0 0 0 
.810003 
.R30000 
.€i70000 
.890000 
.910090 
. 9 5 0 0 0 0  
.970000 
.990000 

1.000000 
ZS(K1 
3.00 
Z S ( Y 1  
5 . 0 0  
ZS(K1 
7.00 
ZS(K1 
9.00 
ZS(K1 
11.0 
ZS(K1 
13.0 
ZS(K1 
15.0 
%IEDF 

.048432 

.OS3452  

.OS6760 . 0 5 8 7 9 0  

.OS9412 

.r)59807 

. o s 9 9 9 1  

. O S 9 8 3 0  

.0594PO 

.9583R7 

.OS7643 

. O S 6 7 8 0  

.os4732 

. 0 5 3 5 6 0  

. r )S229R 

. 0 4 0 5 3 4  

. 9 4 8 0 2 1  

.046447 

.043096 
0043 325 
. 0 3 Q 4 ? 4  
. 0 3 5 6 5 9  
.033658 
.031603 
.027332 . 0 2 5 1 1 7 
.0221348 
.r)lR14H 
.r)15715 
.013225 
.OO~C160 
*005393 
. 0 @ 2 6 5 4  
.001260 

. w m 7  

XL 
m . 2 5  
x L 
0 . 2 5  
XL 
m.25 
X Ir 
1 - 2 5  
x I r  

- .25 
XL 
w.25 
XL 
-.25 

YL 
0.0 
Y 1, 
0.0 
Y IJ 
0.0 
YL 
0.0 
YL 
0.0 
YL 
0.0 
YL 
0.0 

CHORD 
1. 
C H O R D  
1. 
CHORD 
1. 
CHOPLJ 
1. 
C t i Q R D  
1. 
CHORD 
1. 
C t i P R D  
1. 

THICK 
1. 
THICK 
1. 
THICK 
1. 
THICK 
1 .  
THICK 
1. 
THICK 
1. 
THICK 
1 .  

TWIST 
0.0 
TWIST 
0.0 
TWIST 
0.0 
TWIST 
O m @  
TNJST 
0.0 
TWIST 
0.0 
TWIST 
0 . 0  

NEWSEC 
0.0 
NEMSEC 
0.0 
NEWSEC 
0.0 
NEWSFJC 
0.0 
NEWSFC 
0.0 
?l E W SFC 
0.0 
rJ E WSFC 
0 . 0  
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F' = INERTIAL FRAME 
F =MOVING FRAME s1 =ANGULAR VELOCITY 

U = LINEAR VELOCITY 

Figure 1.- Rotor coordinate systems. 

Y 
A 

BLADE 

Figure 2.- Sketch of computational domain. 
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t 

(a) ONERA straight-tip blade geometry. 

- 
R = 0.857 0.908 0.955 

I RAD. = 835 mm- 
I 

(b) ONERA swept-tip blade geometry. 

Figure 3.- ONERA blade geometry. 
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( c )  The approximate ONERA s t r a i g h t - t i p  b l a d e  geometry used i n  t h e  computer code. 

( d )  The approximate ONERA swep t - t i p  b l a d e  geometry used i n  t h e  computer code. 

F i g u r e  3 . -  Concluded. 
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ZS = 0.9500 
S Mach = 0.5727 

(a) Advance ratio 0.4 at 0" azimuthal angle. 

Figure 4.- Comparison between computed and measured surface pressure distributions. 
, , 
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ZS = 0.8500 
S Mach = 0.6430 

-.8 

-1.2 

-.8 

-.4 

cP O 

.4 

.8 

zs = 0.9000 
S Mach = 0.6680 

1.2 c = >  
(b)  Advance r a t i o  0.4 at 

PSI = 30.0 
F Mach = 0.2406 
T Mach = 0.5976 

- ROT17 
0 ONERA 

ZS = 0.9500 
S Mach = 0.6930 

30" az imutha l  ang le .  

F igure  4 . -  Continued. 
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F Mach = 0.2406 
T Mach = 0.5976 

- ROT17 
0 ONERA 

zs = 0.9000 
S Mach = 0.7561 

-.8 

Z S  = 0.9500 
S Mach = 0.7810 

(c) Advance ratio 0.4 at 60" azimuthal angle, 

Figure 4.- Continued. 
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S Mach = 0.7633 

2s = 0.9000 
S Mach = 0.7883 

PSI = 90.0 
F Mach = 0.2406 
T Mach = 0.5976 

0 ONERA 
r0t17 

ZS = 0.9500 
S Mach = 0.8133 

(d) Advance r a t i o  0.4 a t  90" azimuthal  ang le .  

F igu re  4.- Continued. 
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- I l  -.8 

.8 

ZS = 0.8500 
S Mach = 0.731 1 

- 

-1.2 

-.8 

-.4 

cP O 

.4 

.8 

1.2 

zs = 0.9000 
S Mach = 0.7561 

PSI = 120.0 
F Mach = 0.2406 
T Mach = 0.5976 

0 ONERA 
r0t17 

ZS = 0.9500 
S Mach = 0.7810 

( e )  Advance r a t i o  0.4  a t  120" azimuthal  ang le .  

F igu re  4.-  Continued. 
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-1.2 

-.8 

-.4 

cP O 

.4 

.8 

1.2 

-1.2 

cP 

-.8 

-.4 

0 

.4 

.8 

ZS = 0.8500 
S Mach = 0.6430 

c 
zs = 0.9000 
S Mach = 0.6680 

( f )  Advance r a t i o  0 .4  a t  

PSI = 150.0 
F Mach = 0.2406 
T Mach = 0.5976 

r0t17 - 
0 ONERA 

ZS = 0.9500 
S Mach = 0.6930 

150" az imutha l  ang le .  

F igure  4 .  - Continued . 
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-1.2 

-.8 

-.4 

cP 0 

.4 

.8 

1.2 

-1.2 

-.8 

-.4 

cP 0 

.4 

.a 

1.2 

ZS = 0.8500 
S Mach = 0.5227 

zs = 0.9000 
S Mach = 0.5477 

(g) Advance r a t i o  0.4 at 

PSI = 180.0 
F Mach = 0.2406 
T Mach = 0.5976 

r0t17 - 
0 ONERA 

Z S  = 0.9500 
S Mach = 0.5727 

180" azimuthal  angle .  

Figure 4.- Concluded. 
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-1.2 

- .8 

- .4 

cp 0 

.4 

.8 

1.2 

-1.2 

- .8 

- .4 

cp 0 

.4 

.8 

1.2 

ZS = 0.8500 
S Mach = 0.5235 

PSI = 0.0 
F Mach = 0.3292 
T Mach = 0.5985 

2s = 0.9000 
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